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[Sixteenth Annual report ]

The statute approved March <J 1879 establishing the United States Geological Survey contains the 
iollowiii0 provisions

The publications of the Geological Survey shall consist of the annual report of operations geological 
andecononin m ips illustratiu^ the resources and classification of the lands and reports upon general 
and economic B colony and paleontology The annual report of operations ot the Geological Survey 
shallaciompany the annual report of tbe Seeietaij ot the Interior All special memoirs and reports 
ot said Sim cv shall be issued in uuifoiin quarto series if deemed necessaiv. bv the Diret tor butother 
 wise in ordmirj octavos Thr< o thousand copies of each shall be published for scientific exchanges 
and foi sale it the price of publication ami all literary and cartographic m iternls received in exchange 
shall be the property of the United Statt s and foim a pait of thelibrarj of the organization and the 
money resulting from the sale of such pubhe atious shall be covered into the lie isurv. of the United 
States

Except in those cases in which an oxtia number of any special memoii or report has been supplied 
to tbe Sur\ev. by resolution ot Connie 01 has been ordered bj the Secretary of the Interior this 
orace has no copies ior gratuitous distribution

AITMJU 1 FPOPlb

I first AnnualKepoitof the United states Geologic d Sur\ oy bj Clarence King li>80 8° 79pp 
1 map   \ prcliminai J report describing pi in of organization and publications
II Second Annual 1 eport ol the United States Geological Survej 1880-81 bv J "\VIowell 188° 

8° Iv 583 pp 02 pi 1 map
III Third Annual Report of tl e United States Geological Sun ey 1881- 3- by J V, Powell 1883 

8° xv in 564 pp b7 pi and maps
IV Fourth Annual Iveportof the United States Geological Survej 1882-83 byj W Powell 1884 

8° xxxii 47d pp 8j pi and m ips
V Fifth Annual lepoitof the United States Geological Survey 1883-84 by J A\ 1 owoll 188o 

8° X\x\ l 409 pp 58 pi and maps
VI Sixth Annual Report of the United States Geological Survej 1884-85 byJ « Powell 1885 

8° x\i\ 570 pp Go pi and maps
VII Seventh 4-imuall eport ot the United States Geological Survej 1885-86 by J "W" PoweU 1888 

8° x\ G5G pp 71 pi and in ips
VIII Figbth Annual leporl of the United States Geological Survej 1885-87 by J "W Powell 1889 

8° * pt xix 474 xn pp od pi and maps 1 p 1 47o-1063 pp 54-7G pi and maps
IX Ninth Annual 1 eport of the United States Geological Surv ey 1887- 88 bv. J "W" Powell 1889 

8° xui 717 pp S3 pi and maps
X Tenth Annual Report of the Unite el States Geological Survej 1888-89 by J W PoweU 1890 

8° pt x\ 774 pp 98 pi and mips "Mil 1-d pp
XI EleventhAnuualleportoftheUmtedStatesGeologicalSiirvey 1889-90 bv. J "W" PoweU 1891 

8° "pt xv 7a7 pp 60 pi and maps ix iol pp 30 pi
XII I wrflth Vnnuall eport of the United States Geological Survej 1890-91 by J W Powell 1891 

8° 2 pt xin G7o pp oJ pi and maps xvin -J76 pp 146 pi and maps
Till Thirteenth Annual Report of tlio United States Geological Surrey 1891-92 by J W Powell 

18<M 8° 3 pt -i n 240 pp 2 maps x 17" pp 105 pi and maps xi 480 pp 77 pi and maps
i.lV Foui teeuth Annu il Report oi tbe United States Geological Survey 1892-93 byj "W Powell 

ISOT 8° 2 pt vi 3°1 pp 1 pi XX 597 tip 74 pi
XV Fifteenth Annual report of the United States Geological Survey, 1893-94 by J W Povell 

189« 8° xiv 755 pp 48 pi
XVI Sixteenth Annual Peport of the United States Geological Survej 1894- 9o by Charles B 

Walcott 18J5 Parti 1896 8° 4pt \xn910pp 117 pi and maps xix 598 pp 1^ pi and maps 
XV 646 pp 23 pi i.lx 735 pp 6 pi
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MONOGPAPHS

I Lake bonneville by Grove TCo.il Gilbert 1890 4° xx 4dS pp 51 pi 1 map I rice $1 W
II Tertiaiy Hiatorv ot the Grand C mon District with itlas by Clarence r Diitton ( apt USA 

1882 4== xiv 264 pp \i pi and atlas ot U sin ets folio Price $10 00
III Gr0ologyofthe,(0mstocl Lode and tlio "Waslioelhsliict with atlas by treor. 1 1 c i kor 133° 

4° XV 422pp 7pl and atlas ul 21 sheets folio Pii(O$1100
IV Comatoek Minin., tndMimrs b\ 1-liotLord ]88j 4° xiv 4ol pp 3 pi ln<e$l jO
V The Copper 1 pwru., locks of lake Superior bv Roland Dner Trv ing 1881 4° xv i 464 pp 

151 ")pl ind maps I rice $18
VI Contnbtifions to the. Knowledge of the Ohh i Meso^OK llora ot Virgiui i hv \Villiim \Loina 

Fontame 1881 4° \i 144 pp Ml o4 pi Pme$10o
VII Silver le id Deposits ot Lmeki Nevada by Foseph Storj Curbs 1884 4° xm '00 pp 16 

pi Price $1 20
VIII Paleontology of the Fuieka Distiiet bv ' hwles Doohttle \V ilcott 1884 4n xni _>s pp 

24 1 24 pi Price $1 10
IX linchiopoda and Lamollibi inchiata if the Ruitui Clays and Green and Mirls of New Jersey 

by Robert P Wliitlield 18S> 4° xx 118 pp 3o pi 1 map Price $1 1)
X Dinocerata A Monograph of an Fxtinct Order of Cri^intie Mammals bj Othniel Tharles Marsh 

1886 4° \\lll 24<ipp jfl "tf j)l lnie$ 70
XI CrPolo^H il Hlstor\ ot Lake Lalionttn iQutuintrv T ike of TsortliwesCein ^se\ ad i li\ Israel 

Cool, 1 ussi 11 188 4° xlv 28Spp 46 pi mil map Price $1 TT
XII C eolo0 \ \nd Minin^ Industry oflfidMlle ( olorido withadis h> Simiiel Irniklin ^lnlnons 

188() 4° xxix iTOpp tjpl and atlas of So slie( I s folio Price $8 40
VI1I Ueolort \ ot the Quicksilver Deposits ot tin Pidlic Slop* with itlis b\ ( eor^ 1 1 eel er 

1888 1° \ix 48h pp 7 pi Hid atlas of 11 aheets folio PIN e $2 00
XIV 1 ossil Fishes ind Tossil Plants of the rii-issn locksofNe\\ Ierse> utlth ( oimeotK lit Val 

le\ b> Tonii S Newl.errv 1388 4° xn 1i2pp ^6 pi Priei $100
XV JChe Potomw 01 Youn0er Mewzoic T'lori In Williim Morns roiifiim 1S8>) 4° xi\ J77 

pp 1807)1 l(xf iiid pHtes In nnd rpant<l\ PIKC$ jO
XVI The Paleo/OK bisliesot North America bv Tolin Stion, Ne\\)ierrs 1M8Q 4 140 pp > pi 

Price $1 00
XVII The lion of the THVot i I roup i posthumous work bv Leo Les luereux 1 litullij 1 IT 

Knovvlton 189] 4° 400 pp 11 pi 1 m $1 10
XVIII Gasteropodi ind Ccphilopod i of the Pintail Clavs ind ( reeusand Marls ot ix\\ Fersey 

byTobeitl \Vhltfleld 1<!91 4° 10 pp ill pi Pri( K %1 00
XIX IhePeuokee Iron 1 eixin^ Serl( s ot Northi in Wisconsin and Mi< hi^, in b\ Pol Hid D Irvlng 

and C r VinHise 1812 4° \i\ t pp li pi 1 rn e tl 70
XX Geology of the Eureka Distrn t Nevidi with atlas by \rnold Hague 1^9 4° \vn 419 pp 

8 pi Iiuefj '>
XXI lh< leifiuj 1 hyiu bophorous Colcojitcri of Noith Amenci hv Siinnel lluhlnrd S( udder 

189 4^ xi 200 i>p 18 pi I rii e'10 cents
XXII \Mumilof Top()ijt ipblc Methols b\ Renry ( iiinctt chief topo^nplnr 1H) 4° xlv 

100 pp ISTl 1 TO' $1 00
XXlll IjPologv of the ( reen Mount ims in Miss iclinsetts l>v > iplnel lunipellv T I "Wolff 

and 1 Nclscii Dale 1M4 4° xir -Of pp ]il 1 ri( e $1 Ml
XXJV M( 11 use i and Crusr u eaof the Miocene F()nna(i}ns if New Terse> h\ 1 ohei 11 an Whltheld 

1894 4° 19j pp 24 pi 1 ri( ( "Minis

In pi esi>
\XV 1 he (TUcnl Lak( i^asw li> \\arieiiUpham HI) 4° xxi\ I 8 pp <!S pi 
XXVT ll(ii ol th 'XiMlioN ( 1 i\ s hv John Strou^ N(wheny \ posthumous vvorl editellty

Arthur HollK k 1805 4 10 pp 58 pi 
XXVII (, col icv of tin Deiivei 1 asm ( olorado hv S I 1 mmons Whitman ( roas and Coor^e II

Eldr»l_e

Inpieparation
  TheMarquettc Iron 1S( irnif, Distru t ol Michigan hj ( 1 A^inHiso mil \\ S B i> ley with a 

chapter on the Pepliblu liough by IT 1 Suivth
  The Geology of Fianklm Hampshire nil Himpden counties M iss iclinsetts bv 1 eujainin Iven 

dall Imei son
  1 he (jiI icial Gravels ot Maim ind their Assot lated Deposits bv George II Stone
  ( eolo0 v of thoiN irriB uisetl 1 asm h> \ S Shah r j I W)0dworth md August 1 F(K rste
  Fossil MedusP bs C D Wihotl
  Sauropoda by () ( Marsh
  Stegosaum by <) C Marsh
  I rontothenilT hv () C Marsh
  Report on Sib er ( lid an 1 leu Ulli Mining DistrK ts toloral) bv S 1 I mmons
  Flora of the Larlmie and Allied I oimatlous hj 1 r ml H ill Kll nvlton



ADVERTISEMENT. Til

BULLETrKS.

1. On liypersthene-Andes.te ami on Tnclinic Pyroxcno iu Angitic Hocks, by "Whitman Cross, with a 
Geological Sketch of Buffalo Peaks, Colorado, by S. F. Emmons. 1S33 8°. 42 pp. 2 pi Price 10 cents.

2. Gold and Silver Conversion Tables, giving the, coining value ol troy ounces of line metal, etc., com­ 
puted by Albert Williams, jr. 1SS.1. 8°. 8 pp. Price 5 cents.

3. On the Fossil Faunas of the Upper Devonian, along the meridian ot 7(i°30', from Tompkms County, 
New York, lo Bradford County, Pennsylvania, by Henry S. Williams 1SS4. 8°. 36 pp. Price 5 cents.

4. On Me&ozoio Fossils, by Charles A. White. 1834. 8°. 30 pp. 0 pi. Piice i> cents. 
§. A Dictionary of Altitudes in the United States, compiled bv Henry Gaunott. 1S34. 8°. 325 pp 

Price. 20 cents.
G. Elevations m the Dominion of Canada, by J. W. Spencer. 1884. 8° 43 pp. Price j cents.
7. ilapotcca G-eologica Americana A Catalogue of Geological Maps ot" America (North and Sonthi, 

1752-1881, iu geographic and chronologic order, by Jnles Marcou and John Belknap Marcou. 1884. 
8°. 184pp. Price 10 cents.

8. On Secondary Enlargements of Mineral Fragments in Certain Rocks, by K. D. living and C. B. 
Van Hisc. 1884. 8°. ofi.pp. 6 pi. Price 10 cents.

9. A report of work done in tho Washington Laboratory during the fiscal year 1SS3-'S4. F. W. Clarke, 
chiefchemist. T. M. Chatard, assistant chemist. 1884. 8°. 40 pp. Price 5 cents.

10. On the Cambrian Faunas of Xorth America. Preliminary stmlies, bv Charles Doolittle AValcott
1884. 8°. 74 pp. 10 pi. Price 5 cents.

11. Ou the Quaternary and llycent Mollnsea of the Great Basni; with Descriptions of !New Forma, 
by E. F,lls\\orth Call. Introduced by a sketch of the Quaternary Lakes of the Great Basin, by G. K. 
Gilbert. 1884. 8°. GG pp. G pi. Price 5 cents.

12. A Crystallographic Study ol the Thinohte of Lake Uihontaii, by Edward S. lUna. 1884 8°. 
C4 pp. 3 pi. Price 5 cents.

13. Boundaries of tlie United States and of tho several States and Territories, with a Historical 
Sketch of tho Territorial Changes, by Henry Gannett. 1885. 8°. 13:"> pp. Price 10 coats.

14. The Electrical and .Magnetic Pioperties of the Iron-Carburets, by Carl Barm and Vincent 
Stroiihal. 188">. R°- 238 pp. Price 15 cents.

15. On'the ilesozoic and Cenozoic Paleontology of Calilorma, by Clmrles A. White. 1885. 8°. 33 pp. 
Price 5 cents.

16. On the ITigher Devonian Faunas of Ontario County, New York, by John M. Clarke 1885. 8°. 
8fij>p 3 pi. Price 5 cents.

17. On tho Development of Crystallization in the Igneous Hocks of Washoe, .Nevada, with notes on 
the Geology of the District, by Arnold Hague and Joseph P. Iddmgs. 1885 8°. 44 pp. Price 5 
cents.

18. On Marine Eocene, Fresh-water Miocene, and other Fossil Mollnsca ot Western North America, 
by Charles A White. 1885. 8°. 2l» pp. 3 pi. Price 5 cents.

19. !Notes on the Stratigraphy of California., by Geor^o F. Becker. 1885. 8°. 28 pp. Price 5 cents.
20. Contributions to the Mineralogy of the Hooky Mountains, by Whitman Cross and W. F, ITille- 

braiid. 1883. 8° 114 pp 1 pi. Price 10 cents.
21. The Lignites ot the Great Sioux lleservation; a report on the Region between the Grand and 

Moreau "Rivers, Dakota, by Bailey AVillis. 1885. 8°. 16 pp 5 pi. Price 5 cents.
22. On Ifow Cretaceous Fos&ils from California, by Charles A. White. 1885. 8°. 2o pp 5 pi. 

Price 5 cents.
23. Observations on the Junction between the Eastern Sandstone and the Kewecnuw Series on 

Ke ween aw Point, Lake Superior, by Tl. D. Irving and T. C. Chamberlin. 1885. 8°. 124 pp. 17 pi. 
Price 15 cents.

24. List of Marine Mollusca, comprising the Quaternary Fossils and lecent forms fi'oin 'Vinorican 
Localities between Cape Hattcras and Cape Hoque, including the Bermudas, by William Henly Pall.
1885. 8°. 330 pp. Price 25 cents

25. The Present, Technical Condition of the Steel Industry of the United States, by Pluneas Barnes. 
1885. 8°. 85 pp. Price 10 cents.

26. Copper Smelting, by Henry M. Howe. 1885. 8° 107 pp. Price 10 cents.
27. "Report of work done in the Division of Chemistry and Physics, mainly during the fiscal year 

lSSA-'85. 1886. 8° 80 pp. Puce 10 cents.
28. The GaltbiOH and Associated Hornblende Hocks occurring in the. neighborhood of Baltimore, 

Maryland, by George HuutingUm Williams. 1886. 8°. 78 pp. 4 pi. Price 10 cents.
29. On the Fresh-water Invertebrates of the North American -Jurassic, l>\ Charles A White. 1886. 

8°. 41 pp. 4 pi Price 5 cents.
30. Second Contribution to the Studies on the Cambrian Faunas of .North America, by Charles Doo- 

little Walcott. 1880. 8°. 3fi9 pp. 33 pi Price 25 cents.
31. Systematic Review of our Present Knowledge of Fossil Insects, including Mynapods and Arach­ 

nids by Samuel Hubbard Scndder. 1886. 8°. 128 pp. Price Ki cents
32. Lists and Analyses of the Mineral Springs of the United States (a Preliminary Study), by Albert 

C. Peale. 1886. 8° 235 pp. Price 20 cents.



IV ADVERTISEMENT.

33. Notes on the Geology of Northern California, by J. S. Diller. 1886. 8°. 23 pp. Price 5 cents.
34. Oil tlie relation of the Laramie llolluscan Fauna to that of the succeeding Fresh-water Eocene 

and other groups, by Charles A. White. 1886. 8°. 54pp. 5 pi. Price 10 cents.
35. Physical Properties of the Iron-Carburets, hy Carl Barns anil Vincent Strouhal. 1886. 8°. 62 

pp. Price 10 cents.
36. Subsidence of Fine Solid Particles in Liquids, by Carl Barns. 1886. 8°. 58 pp. Price 10 cents.
37. Types of the Laramle Flora, by Lester F. Ward. 1,887. 8°. 354 pp. 57 pi. Price 25 cents.
38. Peridotite of Elliott County, Kentucky, by J. S. Diller. 1887. 8°. 31pp. 1 pi. Price 5 cents.
39. The Upper Beaches and Deltas of the Glaoial Lake Agasaiz, by Warren TTphaiu. 1887. 8°. 84 

pp. 1 pi. Price 10 cents.
40. Changes in River Courses in Washington Territory duu to Glaciation, by Bailey Willis. 1887. 

8°. 10 pp. 4 pi. Price 5 cents.
41. On the Fossil Faunas of the Upper Devonian tlie Genesee Section, New York, by Henry S. 

Williams. 1887. 8°. 121pp. 4 pi. Price 15 cents.
42. Report of work done in the Division of Chemistry and Physics, mainly during the fiscal year 

1885-'S6. F.W.Clarke, chief chemist 1887. 8°. 152pp. 1 pi. Price 15 cents.
43. Tertiary and Cretaceous Strata of the Tusoaloosa, Tomln'gbee, and Alabama Rivers, by Eugene 

A. Smith and Lawrence C. Johnson. 1887. 8°. 189pp. 21 pi. Price 15 conts.
44. Bibliography of North American Geology for 1886, by Nelson H. Darton. 1887. 8°. 35 pp. 

Price 5 cents.
45. The Present Condition of Knowledge of the Geology of Texas, by Robert T. Hill. 1887. i°. 94 

pp. Price 10 cents.
46. Nature :md Origin of Deposits of Phosphate of Lime, hy It. A. F. Penrose, jr., with an intro­ 

duction by N. S. Shaler. 1888. 8°. 143 pp. Price 15 cents.
47. Analyses of Waters of the ifellowstone National Park, with an Account of tho Methods of. 

Analysis employed, by Frank Austin Gooch ami Janies Edward Whitfield. 1888. 8°. 84pp. Price 
10 cents.

48. On the Form and Position of the Sea, Level, by Robert Simpson Woodward. 1888. 8°. 88 pp. ' 
Price 10 cents.

49. Latitudes and Longitudes of Certain Points in Missouri. Kansas, and New Mexico, by Kobert 
Simpson Woodward. 1880. 8°. 133 pp. Price 15 cents.

50. Formulas and Tables to facilitate the Construction and Use of Ataps, by Robert Simpson Wood­ 
ward. 1889. 8°. 124pp. Price 15 cents.

51. On Invertebrate Fossils from the Pacific Coast, by Charles Abiathar White. 1889. 8°. 102 
pp. 14 pi. Price 15 cents.

52. Snbaerial Decay of Rocks and Origin of the Red Color of Certain Formations, by Israel Cook 
Russell. 1889. 8°. 65 pp. 5 pi. Price 10 cents.

53. The Geology of Nantucket, by Nathaniel Sonthgate Shaler. 1889. 8°. 55pp. 10 pi. Price 10 
cents.

54. On the Thermo-Eleetrie Measurement of High Temperatures, by Carl Barus. 1889. 8°. 313pp. 
incl. 1 pi. 11 pi. Price 25 cents.

55. Report of work done in the Division of Chemistry and L'hysics, mainly during the fiscal year 
1886-'87. Frank Wigglesworth Ciarke, chief chemist. 1889. 8°. 90pp. Price 10 cents.

56. Fossil Wood and Lignite of the Potomao Formation, by Frank Hall Knowlton. 1889. 8°. 72 
pp. 7 pi. Price IQ^cents.

57. A Geological Reconnaissance in Southwestern Kansas, by Robert Hay. 1890. 8°. 49pp. 2 pi. 
Price 5 cents.

58. The Glacial Boundary in Western Pennsylvania, Ohio, Kentucky, Indiana, and Illinois, by George 
Frederick Wright, with an introduction by Thomas Chrowder Cliamberliu. 1890. 8°. 112 pp. incl. 
1 pi. 8 pi. Price 15 cents.

59. The Gabbros and Associated Rocks in Delaware, by Frederick D. Chester. 1890. 8°. 45pp. 
Ipl. Price 10 cents.

60. Report of work done in tho Division of Chemistry and Physics, mainly during the fiscal year 
18S7-'S8. F. W. Ciarke. chief ohemist. 1890. 8°. 174 pp. Price 15 cents.

61. Contributions to the Mineralogy »f the Pacific; Coast, by William Ilarlowo Melville and Waidemar 
Lindgren 1890. 8°. 40 pp. 3 pi. Price 0 cents.

62. The Greenstone Schist Areas of the Menominee and JMarquette Regions of Michigan, a contri­ 
bution to the snbjeut of dynamic metainorphism in eruptive rocks, by George Hnutington Williams; 
with an introduction by Roland Diier Irving. 1890. 8°. 241 pp. 10 pi. Price 30 cents.

63. A Bibliography of Paleozoic Crustacea from 1098 to 1889, including a list of North. American 
species and a systematic arrangement of genera, by Anthony W. Vogdes. 1890. 8°. 177 pp. Price 
15 cents.

64. A report of work done in the Division of Chemistry and Physics, mainly during the fiscal year 
1888- 89. F. \V. Ciarke, chief chemist. 1890 8° CO pp Price 10 cents.

65. Stratigraphy ol' the Bituminous Coal Field of Pennsylvania, Ohio, and West Virginia, by Israel 
C. White. 1891. 8°. 212pp. 11 pi. Price 20 cents.
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66. On a Group of Volcanic, Rocks from the Tewan Mountains, New Mexico, and on tho occurrence 
of Pimiary Quartz in certain Basalts, by Joseph Paxson Iddings. 1890. 8°. 34pp. Price 5 cents.

67. The Relations of the Traps of the Newark System in the New Jersey Region, hy Nelson Horatio 
Daitoii. 1890. 8°. 82pp. Price ]0 cents.

68. Earthquakes in California in 1889, by James Edward Keeler. 1890. 8°. 25 pp. Price 5 cents.
GO. A Classed and Annotated Bibliography of Fossil Insects, by Samuel Hubbard Scudder. 1890. 

8°. 101 pp. Price 15 cents.
in. Reportoa Astronomical Work of 1889 and 1890, by Robert Siinpson Woodward. 1890. 8°. 79 pp. 

Price 10 cents,
71. Index to the Known Fossil Insects of the World, including Myriapods and Arachnids, by Samuel 

Hubbard Scudder. 1891. 8°. 744 pp Price 50 cents.
72. Altitudes between Lake Superior and the Rocky Mountains, by Warren Uphaue. 1891. 8°. 

229 pp. Price 20 cents.
73. The Viscosity of Solids, by Carl Barus. 1891. 8°. xii, 139 pp. 6 pi. Price 15 cents.
74. The Minerals of North Carolina, by Frederick Augustus Genth. 1891. 8°. 119pp. Price 15 

cents.
75. Record of North American Geology for 1887 to 1889, inclusive, by Nelson Horatio Darton. 1891. 

8°. 173pp. Price 15 cents.
76. A Dictionary of Altitudes in the United States {second edition), compiled by Henry Gannett, 

chief topographer. 1891. 8°. 393pp. Price 25 cents.
77. The Texan Permian and its Mesozoic Types of Fossils, by Charles A. White. 1891. 8°. 51 pp. 

4 pi. Price 10 cents.
78. A report of work done in the Division of Chemistry and Physics, mainly during the fiscal year 

1889-90. F. W. Clarke, chief chemist. 1891.' 8°. 131pp. Price 15 cents.
78. ALate VolcaiiicEruptioninNorthernCaliforniaauditsPeenliarLava, by J. S. Diller. 1891. 8°. 

33pp. 17 pi. Price 10 cents.
80. Correlation papers Devonian and Carboniferous, hy Henry Shaler Williams. 1891. 8°. 279 pp. 

Price 20 cents.
81. Correlation papers Cambrian, by Charles Doolittle Walcott. 1891. 8°. 447 pp. 3 pi. Price 

25 cents.
82. Correlation papers Cretaceous, hy Charles A. White. 1891. 8°. 273pp. 3 pi. Price 20 cents.
83. Correlation papers Eocene, hy William Bullock Clark. 1891. 8°. 173pp. 2 pi. Price 15 cents. 
34. Correlation papers Neocene, by W. H. Dall and G. D. Harris. 1892. 8°. 349 pp. 3 pi. Price 

25 cents.
85. Correlation papers The Newark System, hy Israel Cook Eussell. 1892. 8°. 344pp. 13 pi. 

Price 25 cents.
86. Correlation papers Archean and Algonkian, hy C. R. Tan Hise. 1892. 8°. 549 pp. 12 jil. 

Price 25 cents.
90. A report of work done in the Division of Chemistry and Physics, mainly during the fiscal year 

1890-91. F. W. Clarke, chief chemist. 1892. 8°. 77pp. Price 10 cents.
91. Record of North American Geology for 1890, by Nelson Horatio Darton. 1891. 8°. 88pp. Price 

10 cents.
92. The Compressibility of Liquids, by Carl Barus. 1892. 8°. 96pp. 29 pi. Price 10 cents.
93. Some Insects of Special Interest from Florissaiit, Colorado, and other points in the Tertiaries of 

Colorado and Utah, by Samuel Hubbard Scudder. 1892. 8°. 35 pp. 3 pi. Price 5 cents.
94. The Mechanism of Solid Viscosity, by Carl Barns. 1892. 8°. 138 pp. Price 15 cents.
95. Earthquakes in California in 1890 and 1891, by Edward Singleton Holden. 1892. 8°. 31 pp. 

Price 5 cents.
96. The Volume Thermodynamics of Liquids, by Carl Barns. 1892. 8°. 100pp. Price 10 cents.
97. The Mesozoic Echinodermata of the United States, by William Bullock Clark. 1893. 8°. 207. 

pp. 50 pi. Price 20 cents.
98. Flora of the Outlying Carboniferous Basins of Southwestern Missouri, by David White. 1893. 

8°. 139 pp. 5 pi. Price 15 cents.
99. Record of North American Geology for 1891, by Nelson Horatio Darton. 1892. 8°. 73 pp. 

Price 10 cents.
100. Bibliography and Index of the Publications of the U. S. Geological Survey, 1879-1892, by Philip 

Groveling Warman. 1893. 8°. 495 pp. Price 25 cents.
101. Insect Fauna of the Ehode Island Coal Field, by Samuel Hubbard Scudder. 1893. 8°. 27 pp. 

tipl. Price 5 cents.
102. A Catalogue and Bibliography of North American Mesozoic Invertebrata, hy Cornelius 13reck- 

inridge Boyle. 1893. 8°. 315 pp. Price 25 cents.
103. High Temperature Work in Igneous Fusion and Ebullition, chiefly in relation to pressure, by 

CarlBarus. 1893. 8°. 57pp. 9 pi. Price 10 cents.
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LETTER OF TRANSMITTAL

DEPARTMENT OF THE INTERIOR, 
UNITED STATES GEOLOGICAL SURVEY,

WasMngton, D.  ., July 15, 1895.
SIR : I have the honor to transmit herewith the report of 

the operations of the United States Geological Survey for the 
year ending June 30, 1895.

I wish to thank you for the careful and appreciative con­ 
sideration that you have given to the work of the Survey 
throughout the year.

I am, with respect, your obedient servant,

Hon. HOKE SMITH,
Secretary of the Interior.



SIXTEENTH ANNUAL REPORT OF THE UNITED 
STATES GEOLOGICAL-SURVEY.

CHARLES D. WALCOTT, DIRECTOR.

INTT5 ODUCTION.

At the close of the fiscal year 1893-94 the resignation of 
Maj. John W. Powell, who had been the Director of the 
Geological Survey for thirteen years, went into effect, and on 
July 1, 1894, the present Director took charge of the Bureau. 
Having been a member of the Survey since its organization 
(July 1, 1879), and geologist in charge for some time previous 
to his appointment as Director, he was familiar with the pol­ 
icy and administration of the Bureau under his predecessors, 
King and Powell, which he believed to be, in the main, wise 
and efficient, and hence he has not found it desirable to make 
any radical changes, either in policy or personnel. The changes 
made have been in the nature of readjustments intended to 
meet new conditions, and, if possible, to bring the Survey 
more in touch with some of the economic and educational 
interests of the country. Most of them were the outcome of 
the natural development of the Survey, which, in turn, has 
been but the logical consequence of the natural development 
of the country. These readjustments, briefly outlined, are: 
The raising of the standard of quality of the topographic maps 
and the appointment of an editor to assist in securing their
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greater accuracy and uniformity; the representation on all 
maps hereafter surveyed in the public-land States of the 
land-subdivision lines, and, when possible, the location of 
the position of township and section corners and the deter­ 
mination of their altitude; the enlargement of the work of 
resurvey of areas the existing maps of which are, from any 
cause, defective or inadequate for the proper representation of 
the areal and economic geology; the planning of a system 
of triangulation to supplement that already done by the Coast 
and Geodetic Survey and by the Geological Survey; the 
placing of the entire topographic force within the classified 
service, so as to limit all appointments to men whose qual­ 
ifications have been tested by an impartial and thorough 
examination; the obtaining of authority from Congress to 
print and sell topographic maps, with text, for educational 
purposes; the obtaining of authority from Congress to print 
the annual volume on the mineral resources of the United 
States as a part of the Annual Report, so that it may have 
greater distribution, and to issue in pamphlet form, in advance 
of the publication of the volume, the articles or chapters 
composing the same, as well as papers on economic geology 
constituting a portion of the other part of the Annual Report; 
the enlargement and increase of the work of the Division of 
Hydrography and of the Division of Mineral Resources; and 
the making of reconnaissance surveys of regions supposed 
to contain important economic resources, in order to obtain 
information which, under the ordinary plan of awaiting a 
complete survey of the region, would be delayed for years. 

Acknowledgments are due the Smithsonian Institution and 
the National Museum for general cooperation during the year, 
.the Coast and Geodetic Survey and the General Land Office 
for maps and other data relating to triangulation and land 
surveys, and the Government Printing Office for assistance 
in securing prompt publication and in the endeavor to reach 
a high standard of book-making. The faithful and cordial sup­ 
port that has been rendered the Director and the Bureau by 
all the members of the Survey finds fitting recognition in 
this place.
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PLAN OF OPERATIONS FOR THE YEAR.

In accordance with custom, a general plan of operations for 
the fiscal year 1894-95 was laid before the Secretary of the 
Interior, and was approved by him on the 13th of August. 
The delay in its submission and approval was occasioned by 
the failure of Congress to pass earlier the bills which carried 
the annual appropriations for the work.

That the appropriations would not become available until 
after the 1st of July became apparent early in Juno, and, 
in order that as much as possible of the work of 1894 might 
be commenced in the earlier part of the field season, a brief 
preliminary plan of such work was prepared and submitted to 
the Secretary on the 21st of June. This preliminary plan was 
based on the anticipated extension of the appiopriations for 
the preceding fiscal year to provide for the interval between 
the 1st of July and the time of passage of the bills carrying 
the appropriations for the new fiscal year.

The detailed plan of operations as approved by the Secre­ 
tary, and in conformity with which the greater portion of 
the work hereinafter reviewed was executed, is on file in the 
Department A. general statement of appropriations and of 
allotments for work in geology, paleontology, and topography 
immediately follows, and where each party worked and what 
each party and office division accomplished will be found 
stated further on, under the head "Organization and work 
of the year."

APPROPRIATIONS AND ALLOTMENTS.

SUMMARY OF APPROPRIATIONS.

The sundry civil appropriation act for the fiscal year 
1894-95 appropriated for the work of the United States 
Geological Survey the sum of $421,600. Separate amounts 
were by the terms of the act set apart for specific branches of 
work and for the salaries of persons connected with these
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branches. For convenience of reference these separate appro­ 
priations are here brought together and classified as follows:
For pay of skilled laborers, etc. ........... ..... .... ................... $13,000
For topographic surveys...-.,. ........ ...... ............. ..... $150,000
For pay of 2 geographers and 2 topographers..--.. .............. 9,200

Total for topographic work ............................. ............ 159, 200
For geological surveys........................................... 100, 000
For pay of 4 geologists........................................... 13, 700

Total for geologic work........................................ .... 113, 700
For paleontologic researches ............................... .... 10, 000
For pay of 2 paleontologists.... .................................. 4,000

Total for paleontologic work............ ....................... ... 14, 000
For chemical and physical researches............................. 7, 000
For pay of 1 chemist................ ............................ 3, 000

Total for chemical work....... ..................................... 10,000
For gauging water supply............. ................................... 12, 500
For preparation of illustrations................... ....................... 13, 000
For preparation of report on mineral resources.............. ............. 15, 000
For purchase of books and distribution of documents ..................... 2, 000
Foi engraving and printing maps.......................----. ............. 65, 000
For rent............... .... ............................................. 4,200

Total............................................................... 421,600

Furthermore, there was appropriated in the same act for 
engraving, printing, and binding publications of the Geolog­ 
ical Survey $35,000, this sum to be disbursed, not by the 
Geological Survey, but by the Public Printer. The items are 
as follows:
For engraving illustrations for report of the Director....................... $5, 000
For engraving illustiations for monographs and bulletins .................. 10, 000
For printing and binding monographs and bulletins........................ 20, 000

Total.................. .......... .................................. 35,000

Lastly, the legislative, executive, and judicial appropria­ 
tion act for 1894-95 appropriated for the Geological Survey 
$41,390, in two items, as follows:
For salaries of Director, chief clerk, chief disbursing clerk, librarian, and 

photographer, together with clerks, messengers, watchmen, et al, to the 
number of 30 persons m all.............................................. $31,390

For rent.--------------- ................................................. 10,000

Total............ ......-....--...----...--........---............-. 41,390

Thus the total appropriation for the Geological Survey for 
the fiscal year 1894-95 is $497,990.
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ALLOTMENTS TO GEOLOGIC WORK.

The total appropriation for geologic work for 1894-95 was, 
as stated above, $113,700.

The following table exhibits the allotments made to the 
heads of parties for the different sections of work:

Party

Shaler, N S. (Massachusetts).......................... $3, 500
Emerson, B K. (Massachusetts) ....................... 750
Dale, T. N. (New York and Vermont).................. 2, 700
Wolff,J.E (NewJersey)........ ... ................. 750
White, C D (West Virginia, Virginia, and Tennessee). 1,700
Willis, Bailey (Maryland and West Virginia).......... 7, 500
Campbell.M R. (West Virginia) ...................... 3,500
Hayes, C. W. (Georgia, Alabama, and Tennessee) ...... 3,500
Keith, A (Tennessee and North Carolina) ............. 3, 500
Becker, G F. (Georgia, North Carolina, South Caro­ 

lina, and Virginia) ............ .... ..... ......... 7,000
Darton, N. H (Maryland and New Jersey)............. 1, 800
Clark, W B (eastern Maryland and New Jersey) ...... 600
Eldridge, G H. (Florida)........ ..................... 4,000
Van Hise, C R (Lake Superior)....... ......... ..... 8,000
Chamberlin, T C (Illinois and central interior region). 3,000
Gilbert, G K (Colorado and Kansas).................. 8, 000
Hill, R T.(Texas)...... ......... ................... 6,000
Weed, W. H (Montana) ............ ................. 3,600
Eldridge, G H. v ldaho) ...... ........ ............... 1,200
Emmons, S. F. (Colorado and Utah).... .............. 7,000
Hills, R.C (Colorado) ................................ 1,000
Cross, C.W. (Colorado) .............................. 5,000
Hague, A (Wyoming) ................. ............. 4, 750
Diller, J S. (Oregon and northern California).......... 5, 200
Turner, H. W. (California)............ ................ 3,600
Lmdgren, W. (California) ............................ 3,000
Lawsoii, A. C. (California) ............................ 750
Executive office .........:.......-......-............. 9, 000
Contingent fund...................................... 3, 800

Total ...................... ................... 113,700

Allotment
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ALLOTMENTS TO PALEONTOLOGIC WORK.

The total appropriation for paleontologic work was $14,000. 
The following table exhibits the allotments made:

Section

Total ..........................................

Allotment

$1, 500

1,900
2,900

4,100

2,000

1,200
400

14, 000

ALLOTMENTS TO TOPOGRAPHIC WORK

The amount appropriated for topographic workwas $150,000. 
Of this amount it was provided by law that $35,000 should be 
expended west of the ninety-seventh meridian, in the States of 
North Dakota, South Dakota, Nebraska, Kansas, Texas, and 
the Territory of Oklahoma; and that one-third of the remain­ 
der should be expended west of the one hundred and third 
meridian.' The following allotments were in accordance with 
these provisions. These allotments include certain stated sal­ 
aries appropriated for men engaged in topographic work, the 
aggregate amount of which is $9,200, making the total appror 
priation for topography $159,200:
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State Allotment

Maine.....---. ----- -.... ......................... $5,000
Vermont ...... ........ ............ ...... .... .... 4,000
New York................. ...... ........... ....... 10,000
Pennsylvania ................... ...-.-. ...... ..... 5,000
Maryland and West Virginia.......................... 2,000
West Virginia............ .... .......-- ----- ...... 2,000
Virginia ............... ............................. 3,000
Tennessee ......... .......... ..... ................ 2,000
Georgia .................. ........................... 10,000
Minnesota............................................ 5, 000
North Dakota ........... ..... .... .... ......... 5,000
South Dakota ....................................... 10, 000
Nebiaska ...... .... ................................ 10,000
Texas.......... .... ............................... 12,000
Colorado .... .......... ......... ........... .... 20,000
Idaho.......... ... .. ......... .... ............ 5,000
Washington . ...... ................................ 5,000
Oregon......... ... ................... ...... .... 10,000
California...... ...... . ................ .......... . 20,000
Administration and office force ...... ................ 14,200

Total ..... .................. .... ...........

ORGANIZATIOK AND WORK OF THE YEAR.

The Geological Survey is now organized into branches and 
divisions as follows.

BRANCH. DIVISION.

f Geology
Paleontology. 

Geologic ---.....---. 4 Chemistry
Hydrography 

[ Mineral Resources
Topographic ........ J Tnangnlation.

< Topography.
f Illustrations.

f Textual publications. 
Publication.........  ( Editorial......'( Geologic maps

^Topographic maps. 
, Engraving and Printing 

I Documents, Correspondence, and Records. 
Administrative...... { The Library.

I Disbursements and Accounts
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The approved plan of operations was executed in all essen­ 
tial particulars, the slight departures therefrom being due to 
conditions which could not well be anticipated. Following is 
a detailed account of the work:

GEOLOGIC BRANCH. 

DIVISION OF GEOLOGY.

The organization of the previous year was continued Each 
of the twenty-six field parties was under the charge of a geolo­ 
gist or an assistant geologist, who reported to the Director.

Nearly all of the field work of the year was areal geologic 
surveying, for the purpose of delineating on the topographic 
base maps the distribution and relations of the various rock 
formations. Considerable energy, however, was expended in 
making a reconnaissance of the Southern Appalachian gold 
fields and of the mining districts of central-southern Idaho, 
and in obtaining data for the completion of the second portion 
of the report on the Leadville mining district of Colorado.

For convenience of administration and reference the field 
of operations was divided into six sections or regions, as fol­ 
lows: (1) New England, (2) Appalachian, (3) Atlantic Coastal 
Plain, (4) Interior or Mississippi, (5) Rocky Mountain, (6) 
Pacific.

NEW ENGLAND KEUION.

This region includes the New England States and the east­ 
ern portion of New York. In it three parties were engaged 
in field work, as follows:

Shaler party The party in charge of Prof. N. S. Shaler 
continued and practically completed the survey of the Narra- 
gansett coal field of Rhode Island. A few points remain to be 
examined while he is preparing his report. About 126 square 
miles were newly mapped, and 25 square miles were revised 
for the obtainment of boundaries and the interpretation of 
structure The new work goes far toward clearing up the 
problems of the coal field. It has for the first time approxi­ 
mately defined the area where coal may reasonably be sought 
for. The data have been compiled so far as to show features
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which are of great importance from both an economic and a 
theoretic point of view Some recent experiments appear to 
show that by making briquets of the coal, the material being 
mingled with 1 per cent of coal tar, an excellent fuel can be 
produced. If this proves to be correct it seems certain that 
something may now be done with the large stores of anthra­ 
cite which this district contains.

In connection with the study of the Narragansett basin and 
the Worcester basin of Massachusetts, two large areas of trap- 
pean rocks were discovered and mapped. One is a great dia­ 
base dike near Woonsocket, R I., and the other an extensive 
area of traps near Man&field, Mass. Both of these localities 
were previously unknown, and they promise to be of great 
value to the highway interests of southeastern Massachusetts, 
as the material is suitable for road building.

In the office Professor Shaler prepared a report on the 
geology of the road-building stones of Massachusetts, incor­ 
porating in it the results of the labors of Mr. F. C. Schrader, 
an assistant employ ed for that work, and of the Massachusetts 
Highway Commission, which has made tests of many kinds of 
road-building material The paper will be found in Part II 
of this Annual Report. The writing of the report on the 
Narragansett coal field was begun and well advanced prior to 
June 30.

Emerson party. In continuation of the mapping of the 
areal geology of central Massachusetts, Prof. B. K. Emerson 
completed the Marlboro sheet, embracing Worcester and Mid­ 
dlesex counties, and also a portion of the Sheffield sheet, which 
includes all or parts of Berkshire County, Mass., Columbia 
County, N. Y, and-Litchfield County, Conn. In the latter 
area the boundaries of the older rocks in Beartown Mountain 
were traced and platted on the map. The completion of the 
Marlboro sheet disposes of four sheets that will be combined 
in a single folio, covering an area of which Worcester is the 
center.

During the winter Professor Emerson worked upon the 
chemical and petrographic material collected during the field 
season, completed a revision of the manuscript of a report 
upon the geology of Hampshire, Franklin, and Hampden
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counties, Mass., which will be published as one of the Survey 
monographs, and prepared a report upon the mineralogy of 
the same region, which will be issued as Bulletin No. 12G of 
the Survey series

Dale party. In eastern New York State. Prof. T. Nelson 
Dale continued the mapping of the areal geology of the south­ 
ern portion of the great roofing-slate belt of New York and 
Vermont. The Cambridge sheet of Washington County, 
N. Y., containing 250 square miles of territory, was wholly 
mapped, and about 40 square miles of the Fort Ann sheet, 
covering part of the same county, were also mapped. The 
scientific results of the work consist of the careful outlining 
of the Cambrian and Silurian rocks in a region of great 
geologic complexity. The areal geology shows the approxi­ 
mate extent and limits of the belts of red, purple, and green 
roofing slate, and the location of all quarries of importance. 
But few of the quarries are being worked at present, but when 
such slates as this region affords again come into demand, the 
geologic map will be of service to operators. The two sheets 
next north of the Cambridge sheet will embrace the center of 
the roofing-slate region of eastern New York.

In the office Professor Dale's principal work was the prepa­ 
ration for publication of the Troy and Cambridge sheets of 
New York, and the writing of a paper on certain structural 
details of the Green Mountain region in eastern New York, 
which is published in this report

APPALACHIAN REGION.

This region embraces the mountain system and adjoining 
hills and plateaus that extend from the Hudson River on the 
north to central Alabama on the south. Eight parties were 
engaged in field work during the summer, as follows:

Wolff party. In continuation of the work of the field season 
of 1893 Dr. J. E. Wolff spent a part of the season of 1894 in 
mapping the areal geology of the Lake Hopatcong sheet of 
New Jersey, including parts of Morris and Sussex counties. 
An area of 25 square miles was surveyed In the spring of 
1895 the remaining 100 square miles were surveyed, and the 
geology of this important area was thus completed
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Wilhs party. In the Elk Garden coal field of western Mary­ 
land and West Virginia 922 square miles were studied and 
mapped by Mr. Bailey Willis, assisted by Messrs. Joseph A. 
Taff and N. H. Darton. This area includes the Piedmont atlas 
sheet, embracing all or part of Mineral, Grant, and Tucker 
counties in West Virginia, and Garrett County, Md. About 
two-fifths of the tract is occupied by the coal-bearing rocks. 
Four coal beds are being worked, including the noted Elk 
Garden seam, at the top of the section. Although it is now 
many years since mining operations were begun, it was found 
that operators entertained many and diverse opinions respect­ 
ing the identification of the coal beds in different parts of the 
field, and it was clear that it would be of great value to opera­ 
tors and owners to have accurate maps and structure sections 
showing the true relations of the various beds.

In connection with the coal work the geologic survey was 
extended over the adjacent areas of Devonian and Silurian 
rocks, and much valuable information of a scientific character 
was obtained. In connection with the geologic work a thor­ 
ough revision of the topography of the area was made by 
a topographic party, as the original topographic map was 
not sufficiently detailed and accurate for the purposes of the 
geologist.

In addition to the editorial work on the Geologic Atlas of the 
United States, which will be mentioned elsewhere, Mr. Willis 
was engaged in the office in the preparation for publication of 
the maps and text of the Piedmont atlas sheet, and in attend­ 
ing to various matters referred to him by the Director.

Campbell party. The party in charge of Mr M R. Campbell 
was engaged in the survey of the coal field of southwestern 
Virginia and southern West Virginia. The Bristol sheet, cov­ 
ering in part Scott, Wise, Russell, and Washington counties in 
Virginia and part of Sullivan County in Tennessee, was com­ 
pleted by an examination of about 250 square miles around 
Bristol and of the coal area in the northern part of the tract. 
The Tazewell sheet extends from Virginia (Buchanan and 
Tazewell counties) into West Virginia (McDowell County), 
lying just east of the Kentucky line Of the 960 square 
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miles within its limits, 700 are within the Appalachian coal 
basin and 260 in the valley to the southeast. The coal terri­ 
tory was worked with great care, and the areal geology of 
the entire sheet was finished. Mr. Campbell also completed the 
survey of the Pocahontas sheet, which adjoins the Tazewell 
sheet on the east, and embraces, in whole or in part, Bland 
and Tazewell counties, Va., and Mercer and McDowell coun­ 
ties in West Virginia; and in order to connect the coal area 
of the Pocahontas sheet with that of the New River district to 
the northwest, 450 square miles of the Raleigh sheet (Raleigh, 
Fayette, Wyoming, and Mercer counties) of West Virginia, 
lying north of the Tazewell sheet, were surveyed. About 300 
square miles of the Hinton sheet of West Virginia, which 
adjoins the Raleigh sheet on the north (embracing parts of 
Summers and Monroe counties), were also surveyed.

The mapping of the areal geology and the determination of 
the stratigraphic structure of the coal areas are of economic 
importance, and the tracing of the different members of the 
Pottsville series of Pennsylvania from New River to Tug 
River is likewise an important work, as the lack of such infor­ 
mation has led to many erroneous correlations. In tracing 
this series southward determinations were made of the manner 
in which changes have occurred in the volumes of the vari­ 
ous beds that form the series, and it was also observed that 
the series itself was increased by the addition of lower beds 
toward the south This information will be of value in the 
study of the coal-bearing rocks.

Mr. Campbell's office work had reference principally to the 
Tazewell and Raleigh sheets, and to the preparation of an 
extended paper on the "Influence of orogenic movements in 
Appalachian drainage " He also finished, ready for publica­ 
tion, the Pocahontas atlas sheet, the completion of which had 
been delayed pending necessary topographic correction of the 
base map.

Hayes party. In continuation of the mapping of the Appa­ 
lachian coal fields of eastern Tennessee, Mr. C Willard Hayes, 
assisted by Mr. A. H. Brooks, completed the Pikeville and 
McMinnville sheets, which adjoin and cover parts of White,
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Van Buren, Bledsoe, Rhea, Cumberland; Warren, Dekalb, and 
Grundy counties This was new work with the exception of 
about 80 square miles of the Pikeville sheet, of which a recon­ 
naissance had been made the preceding season. There are 
about 1,000 square miles of coal area on the two sheets Mr. 
Hayes next proceeded to southeastern Tennessee, where, in 
cooperation with Mr Arthur Keith, the Murphy sheet (Monroe 
and Polk counties, Tenn., and Cherokee County, N. C.), which 
had been previously mapped in part, was completed. Mr. 
Hayes next took up the areal geology of the Ellijay sheet of 
northern Georgia, including all or parts of Fannin, Gilmer, 
Union, and Lumpkin counties, but, owing to the inadequacy 
of the topographic base, only enough work was done to estab­ 
lish clearly the connection between the formations of the 
Murphy sheet and those of the Dalton and Cartersville sheets. 
Tlie Cartersville sheet (Gordon, Pickens, Bartow, Cherokee, 
Cobb, and Paulding counties), whose northwest corner meets 
the southwest corner of the Ellijay sheet, was then taken up, 
and before the close of the field season 406 square miles 
of new areal mapping were completed, and 306 square miles of 
old work were revised

In connection with the areal mapping of the coal formation 
of the Pikeville and McMinnville sheets study was made of 
the coal of the region, especially the Sewanee seam, which 
contains the greater part of the workable coal. This was 
mapped and sections were obtained, so that a fair estimate can 
be made of the amount of available coal within the area of 
these two sheets. In the mapping of the Cartersville sheet 
especial attention was given to the occurrence of iron and 
manganese. The geologic relations of these ores were inquired 
into, and the belts in which the various varieties occur were 
mapped. Mr. Hayes also made a careful examination of the 
bauxite deposits of Georgia and Alabama, visiting every local­ 
ity from which bauxite had been reported as occurring. Under 
special instructions he visited also the phosphate district of 
Hickman County, Tenn., and a reconnaissance was made 
to determine the occurrence of phosphate in southeastern 
Tennessee and in northern Georgia and Alabama. Typical
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exposures were visited over a large area, and the absence of 
important deposits of the phosphate was definitely proved

Mr Hayes was engaged during the winter in the preparation 
for publication of the maps and text of five geologic folios, 
two of which, the Stevenson and Cleveland, are now in press. 
In addition, special papers were prepared by Mr Hayes for this 
report on the Tennessee phosphates and the bauxite deposits.

Ketth party  Mr. Arthur Keith, assisted by Mr. H. B. Good­ 
rich, mapped the areal geology of the Wartburg sheet This 
tract embraces parts of Morgan, Scott, Cumberland, and Fen- 
tress counties in Tennessee, and 980 square miles of it are 
within the Appalachian coal field. The coal measures of this 
area had suffered very little disturbance, and the mapping was 
therefore carried forward quite rapidly.

Mr. Keith next took up the Asheville and Cranberry sheets of 
North Carolina and Tennessee (embracing all or parts of Bun­ 
combe, Haywood, Madison, Ashe, Wautauga, Caldwell, and 
Mitchell counties in the former State, and touching Johnson 
and Carter counties in the latter State), mapping 850 and 950 
square miles, respectively. A reconnaissance was made also 
of the Pisgah sheet (which includes parts of Transylvania and 
Henderson counties, in the southwestern corner of North Car­ 
olina, adjacent to the South Carolina line), and of the northern 
part of the Mount Mitchell sheet, which lies mainly in Yancey 
and McDowell counties, N. C. So much as remained to be 
mapped of the Murphy sheet, before mentioned, was also 
completed, which included some 600 square miles of areal 
mapping.

The principal economic results were the mapping of the coal 
measures of the Wartburg sheet, the study of the brown hema­ 
tite deposits of the Cranberry sheet, and the examination of the 
strata of the Asheville sheet, which were reported to contain 
deposits of brown hematite and of magnetite. These ores were 
found, however, to be of relatively small economic importance.

During the winter Mr. Keith was mainly employed in the 
preparation for publication of material for atlas sheets.

White party. Mr C. David White was instructed to cooper­ 
ate with Mr. M. R. Campbell in mapping the Tazewell sheet,
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previously described, and in collecting and studying the plant 
remains occurring in the various coal beds in order to obtain 
data for correlating the various coal horizons, whose connection 
was interrupted by faults or folds or by the destructive agency 
of erosion. In October he joined Mr. Bailey Willis in work on 
the Piedmont sheet, previously mentioned, and made a collec­ 
tion and study of the fossil plants of the coal beds of northern 
West Virginia for the purpose of obtaining data for correlating 
the coal beds of Maryland and northern West Virginia with 
those of southern West Virginia, Tennessee, and other States. 
Important identifications of coal beds were made by Mr. White, 
and he found that the New Eiver coal miners are apparently 
working two seams (the Quinnemont-Fire Creek and the 
Sewell-Nuttall) instead of four or five, as has generally been 
believed. The lower coal bed is in the middle of the Flat 
Top Mountain section, the Pocahontas coal thinning out and 
occurring much nearer the Red Shales in the New River section 
than in the Flat Top Mountain. The higher coal (Sewell- 
Nuttall) belongs to the Sewanee group, and is approximately 
of the age of the main Sewanee coal in Tennessee

In the office Mr. White was largely engaged in arranging 
and identifying the contents of over fifty boxes of fossil plants 
which had been collected during the field season. During the 
month of March he was employed in identifying and label­ 
ing the large collection of Carboniferous coal plants that had 
been presented to the National Museum by Mr. R. D. Lacoe. 
The latter collection embraces upward of 80,000 specimens 
of Paleozoic plants. Its scientific value is great, as it contains 
nearly two-thirds of the original specimens described and 
figured from the Carboniferous flora of the United States.

JBecker party. In response to repeated inquiries and requests 
for information and a pressing demand for the work, a recon­ 
naissance of the gold areas of the southern Appalachians was 
itndertaken, Dr. Greorge F. Becker being instructed to make an 
examination of the auriferous deposits of G-eorgia and the 
Carolinas. These deposits are divisible into three principal 
groups. One of them lies almost entirely in Georgia, trending 
in a northeasterly by northerly direction through Dahlonega,
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in that State. It has important expansions in Alabama and 
North Carolina. A second belt extends in a similar direction 
just west of the South Mountains of North Carolina through 
Brindletown and Rutherfordton. A third belt, more extensive 
than either of the others, trends in the same direction through 
Charlotte, N C., reaching into South Carolina and nearly to 
the Virginia line Dr. Becker examined during the field season 
all the mines that were being worked and a considerable num­ 
ber that had been worked in these belts seventy-five in all. 
Unfortunately, owing to the decomposed condition of the sur­ 
face rocks, instructive exposures are rarely met with, and many 
of the mines formerly worked have been shut down, the shafts 
being either full of water or caved in. In such cases the only 
sources of information obtainable were the dumps and the 
more or less trustworthy statements as to yield and richness to 
be obtained of persons in the neighborhood. Besides the deep 
mines, there are superficial deposits from which the greater 
part of the gold product of the South has been obtained.

During the winter Dr. Becker prepared a report of the results 
of his field work and the conclusions drawn from them, which 
may be found iii Part III of this Annual Report.

ATLANTIC COASTAL PLAIN REGION.

This area embraces the Coastal Plain region extending from 
the mouth of the Hudson on the north to the Gulf of Mexico 
on the south

Clark party. In the northern portion of the region Prof. 
William B. Clark made a revision of the Cassville sheet of 
New Jersey (Ocean and Monmouth counties), and with the 
aid of his assistant, Mr R. M. Bagg, mapped 250 square miles 
of the Asbury Park sheet, which adjoins the Cassville sheet 
on the east, special attention being given to the occurrence of 
clays and marls.

In addition to his field work Professor Clark prepared two 
paleontologic reports, one dealing with the Eocene fauna of 
Maryland and Virginia, and the other with the Mesozoic 
Echinodermata of the United States.

Darton party. The work upon the areal geology in the 
vicinity of Washington, D. C., was placed in charge of Mr.
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N. H. Darton, who began and prosecuted the revision of the old 
map. This work was carried forward during the spring and 
summer, and was practically completed, with the exception of 
the areas of crystalline rocks Mr. Barton's principal work 
of the year was the preparation of a report on the artesian- 
well prospects in the Atlantic Coastal Plain region, which is 
nearly completed.

Eldndge party ^n Florida The work on the phosphate 
deposits of Florida was not continued during the year, as Mr. 
G. H Eldridge's time was entirely taken up with his general 
geologic investigations in Idaho and the preparation of a 
report thereon.

INTERIOR OR MISSISSIPPI REGION.

This region embraces the area lying between the British 
boundary on the north, the Gulf of Mexico on the south, the 
Rocky Mountains on the west, and the western slope of the 
Appalachians on the east.

Van ttse party. The field work of the Lake Superior par­ 
ties, under the charge of Prof. C R. Van Hise, was in the 
Marquette and Michigamme iron districts. In the former dis­ 
trict the work which has been going on for several years was 
completed by Prof. W S. Bayley, who executed a small amount 
of magnetic work in certain of the iron-bearing belts and filled 
in minor deficiencies in the areal work at various .points. In 
the Michigamme iron district detailed maps have been made of 
one area by Mr. H. L. Smythe and of another by Mr. W N 
Merriam. This work was done without cost to the Geological 
Survey by a private organization; but the originals of all maps 
and note-books and all specimens were placed at the disposal 
of the Survey. To Mr. J. M. Clements was assigned the task 
of connecting and ascertaining the relations of the formations 
of the two areas surveyed by Messrs. Smythe and Merriam.

The tracing of the iron-bearing formations between the two 
districts had to be done almost entirely by means of the mag­ 
netic needle, as there were very few rock exposures. An area 
of about 142 square miles was covered successfully, despite 
the difficult nature of the geology. The iron-bearing forma­ 
tion of the Amasa area was connected with that of the Fence
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River area. This resulted in the extension of the iron-bearing 
formation about 15 miles. A belt of volcanic rocks underly­ 
ing the iron formation in the Fence River district was con­ 
nected with a broad area of volcanics in the Amasa district, 
thus enabling the geologist to equate the respective formations 
of the two series, and place them in the general scheme of 
formations of the Upper and Lower Huronian. The private 
organization previously mentioned also made a topographic 
map of about 1,200 square miles in the Michigamme district. 
The sheets constituting this map have been controlled by the 
triangulation of the Geological Survey, and photographs of 
two complete sheets are now ready for the platting of the areal 
geology. The areal geologic work, however, extends a consid­ 
erable distance to the south and east of these tracts, and as 
soon as the topography of this outlying district is completed 
several more atlas sheets will be made ready for publication.

In the office Professor Van Hise and his assistants were 
employed in the preparation of a monograph upon the Mar- 
quette iron-bearing district, a voluminous and important work. 
Professor Van Hise also completed a paper entitled "Prin­ 
ciples of Pre-Cambrian North American Geology," which will 
be found among the papers accompanying this report.

Chamlerlin party. The work upon the glacial deposits of the 
United States was in charge of Prof. T C. Chambei'lin, but 
owing to his absence in Greenland, where he went early in the 
summer to study glacial phenomena, Mr. Frank Leverett con­ 
ducted the operations in the field for the greater part of the time. 
Work was carried forward in Indiana, Illinois, Iowa, and Wis­ 
consin. In addition to data of much scientific value, many 
important facts in relation to the several classes and kinds of 
soils, and in relation to the ice action that produced those soils, 
were obtained. The question of the presence of an available 
water supply in the drift formations also received careful atten­ 
tion, a large body of valuable facts touching it being gathered. 
In many places the drift beds afford small quantities of natural 
gas, and all information possible was obtained concerning the 
source and probable abundance of this product. The map­ 
ping of the thickened drift formations promises to be of
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economic value in dissipating false ideas of the underlying 
geologic structure. In the drift and ridges of Mattoon and at 
Champaign, in Illinois, small quantities of gas occur, confined 
in beds of sand, and from this it is inferred by drillers from 
the gas fields of Pittsburg, who were consulted 011 the subject, 
that anticlinal ridges occurred in the underlying strata at the 
places named, and that gas in quantity could be secured by 
sinking deep wells. A knowledge of the drift deposits would 
serve to remove this false impression.

In the office Mr Leverett was engaged in preparing for 
publication a report upon the drift of the Illinois glacial lobe, 
and on a manuscript report on the glacial drift of Illinois and 
western New York.

Gilbert party. The party in charge of Mr. G K Gilbert 
surveyed the Apishapa sheet of Colorado and made a prelimi­ 
nary examination of the Nepesta sheet Mr. Gilbert was 
assisted the greater part of the time by Mr. F. P Gulliver 
and Mr. G. W. Stose. On his return from the field he visited 
ten gravity stations of the Coast and Geodetic Survey for the 
purpose of making geologic observations in connection with 
that work.

The Apishapa sheet includes till or parts of Pueblo, Huer- 
fano, Las Animas, and Otero counties, and has an area of 
about 940 square miles. It is occupied in the main by rocks 
of Cretaceous age. The principal streams of the area and 
their tributaries run several feet below the general upland 
surface, occupying valleys and canyons. The lowest forma­ 
tion exposed in the area consists of about 300 feet of the 
Dakota sandstone The greater part of this is so porous as to 
receive and transmit water with freedom, and this is the great 
water-bearing stratum of the region. It is exposed in the 
region of greatest uplift, and dips under the younger forma­ 
tions in all directions. The latter include the Benton group, 
composed mainly of shale, but containing also some layers of 
limestone, with a thickness of about 450 feet. Above the 
Benton group is the Niobrara group, with a thickness of about 
450 feet within the limits of the sheet.
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The Nepesta sheet (Pueblo and Otero counties) is occupied 
in part by the shaly beds of the Niobrara group, in part by 
the still thicker shales of the overlying Pierre group, which 
in many areas are covered by broad sheets of gravel This 
gravel is the source of the principal springs of the region, 
receiving the water of rains in its porous surface and discharg­ 
ing the same at its margins. Artesian water is at present the 
principal mineral resource of the region The stream chan­ 
nels of the country afford so precarious a supply of water 
that the amount necessary for irrigation can be obtained only 
in the immediate vicinity of the Arkansas River and at a few 
other favored points Grazing has become the principal indus­ 
try of the region, and where there are no living springs it 
is highly possible that by drilling through the shales of the 
Benton group artesian wells could be obtained in the Dakota 
sandstone. The areal mapping of this region will approxi­ 
mately indicate the artesian-well districts, and indication will 
also be made of the regions in which it is possible that water 
reached by the drill will outflow at the surface.

The following is quoted from Mr. Gilbert's report, made 
after a personal examination in October, 1894:

I therefore estimate the depth of the water horizon below the sur­ 
face at Eocky Ford to be between 735 and 1,135 feet. It is probably 
less than 1,000 feet. I incline to the opimon that the water will rise 
above tlie surface at Eocky Ford, because the physical conditions are 
very similar to those that obtain at Pueblo, where the water rises 150 
feet above the flood-plain of the Arkansas.

A letter from James Dun, chief engineer of the Atchison, 
Topeka and Santa Fe Railroad, dated July 9, 1895, and 
addressed to Mr. F. H. Newell, states that at Rocky Ford "a 
supply of 80 gallons per minute has been secured at a depth 
of 790 feet."

An examination of certain beds occurring in the upper part 
of the Dakota sandstone and the lower part of the Benton 
shale suggests that they may be valuable as fire clays, and a 
few tests that have been made indicate that a trial, on a larger 
scale, of several of the deposits is worth the making.

Prof. C. S. Prosser, who had previously commenced the sur­ 
vey, under Mr. Gilbert's supervision, of the Cottonwood Falls
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sheet (Chase, Butler, and Greenwood counties), of Kansas, 
completed that sheet and began work on the Parkerville sheet, 
in which Geary and Morris counties lie These sheets contain 
rocks of Lower Carboniferous age, and include limestone for­ 
mations that contain valuable building stone. In mapping the 
various formations Professor Prosser has traced the continuity 
of rocks formerly supposed to be distinct, and has clearly 
indicated the limits of the districts to which future search for 
valuable building stone should be restricted. The area actu­ 
ally surveyed is about 500 square miles, and a reconnaissance 
was made of an equal area

During the winter Mr. Gilbert compiled the data for the 
Apishapa sheet and made a study of the material gathered in 
the field relating to gravity determinations The results of the 
study of the latter material were embodied in a report which 
was forwarded before the close of the year to the Superin­ 
tendent of the United States Coast and Geodetic Survey.

Hill party  The party in charge of Mr. R T. Hill made a 
careful areal survey of the Austin sheet of western Texas, 
which comprises parts of Hays, Travis, and Bastrop counties. 
This sheet is a very comprehensive one, as it embraces within 
its area a large variety of geologic formations. Both the rock 
formations and the surface soils were mapped in detail, and 
the building stones, road-making materials, rocks adapted to 
making water-lime cement, and the artesian conditions were 
all carefully studied, as were also the fossil remains A geo­ 
logic reconnaissance was also made along the line from Austin 
southwestward to the Rio Grande, for the purpose of looking 
into the question of artesian water supply and the spring rivers 
of that region

For the purpose of obtaining information of those structure 
characters that influence the distribution of underground water 
in the Plains region, Mr. Hill made a reconnaissance of the val­ 
ley of the Medicine Lodge River of Kansas, and of the country 
lying between Winfield and Belvidere, in the same State

Mr. T. Wayland Vaughan assisted in the work on the Austin 
sheet, and also visited certain points in Arkansas, Indian Ter­ 
ritory, and Louisiana to collect rocks and fossils, including 
fossil plants. Large collections were obtained by him that
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will be of service in the correlation of the Cretaceous forma­ 
tions of Texas. Under special instructions from the Director 
he also obtained some 1,200 pounds of pure white chalk for 
the series of rocks that the Survey is preparing for distribution 
to educational institutions.

After his return from the field Mr. Hill was employed in 
preparing for publication a report on the results of his field 
work. This included the preparation for publication of the 
data for several geologic atlas sheets which had been sur­ 
veyed in previous years and the study of the large collections 
made during the field season.

ROCKY MOUNTAIN REGION.

This area embraces the Rocky Mountains and their foot­ 
hills between the British and Mexican boundaries on the north 
and south, the margin of the Great Plains on the east, and 
approximately the line of the one hundred and nineteenth 
meridian on the west

Weed party. In continuation of the work of the previous 
year Mr. Walter H. Weed was instructed to survey the Fort 

  Benton sheet of Montana, which includes parts of Cascade, 
Fergus, Choteau, and Meagher counties. Mr. Weed was 
assisted by Prof. L. V Pirsson, whose services terminated at 
the close of the season The areal geology of 3,375 square 
miles was mapped, and a reconnaissance examination was made 
of the Judith Mountains and of the St Louis lode, at Marys- 
ville, Mont A general study was also made of the mines of 
the Barker district of the Little Belt Mountains and of the 
coal lands of the tract, and the outcrops of coal were traced 
along the flanks of the Little Belt Mountains. The work in 
the Judith Mountains included an examination of the coal 
area of that region.

Among the more strictly scientific results were the comple­ 
tion of the study of the Little Belt Mountains, the recognition 
of the volcanic nature of the Highwood Range, and the col­ 
lection of a complete series of the rare alkali rocks of those 
mountains. The Belly River beds of the Canadian coal- 
bearing series were recognized and determined for the first 
time in this region.
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In addition to the preparation for study of the Little Belt 
Mountains and Fort Benton geologic folios, Mr Weed assisted 
Mr. Hague in the preparation of the geologic maps and accom­ 
panying text of the Yellowstone Park folio. He also prepared 
several short papers upon subjects connected with his field 
of work, for publication in the scientific magazines.

Elcbtdge party in Idaho. Mr. George H Eldridge was 
directed to make a reconnaissance of the Snake River and 
Salmon River basins of Idaho. His route was from Boise 
northeastward to the Continental Divide east of Salmon City, 
thence south to Hailey, in the Wood River region, and west to 
Boise, along the southern edge of the great mountain ranges 
of Idaho. From Boise a trip was made southwestwardly to 
the Oregon line, in the vicinity of De Lamar and Silver City 
The distance traveled in the course of the reconnaissance was 
850 miles, exclusive of the distance covered in doubling back 
over the same route between local points. A distance of 750 
miles was traveled by pack train

The results obtained are a general knowledge of the rocks 
occurring along the route of the reconnaissance and much 
information regarding the structural geology and the topo­ 
graphic features of the country traversed. The results of 
economic value include a knowledge of the occurrence of the 
ores in the eight or nine mining districts visited, of the general 
character of the Idaho placer deposits, of the nature of the 
problems requiring solution for the advancement of the gold 
and silver mining industries, of the distribution of important 
building materials, and of the general possibilities of the 
country for irrigation, grazing, general agriculture, and fruit 
culture

On his return from the field Mr. Eldridge began at once 
the preparation of a report upon his reconnaissance in Idaho, 
which will be found in Part II of this Annual Report.

Emmons party  In order to bring down to date the infor­ 
mation gathered during the summer of 1890 for the purpose of 
preparing a report supplementary to his monograph on the 
Leadville mining district (Monograph XII, 1886), Mr. S. F. 
Emmons reexamined during the season of 1894 the under-
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ground workings of the mines of that district, since, owing to 
the physical conditions of the region, the determination of the 
geologic structure and of the location of the ore bodies must 
be based almost wholly on facts gathered in this manner. The 
original field work in the Leadville district was completed in 
1880-81. As there have been twelve years of active mining 
since that time, the area explored by underground workings 
has been enormously increased. This method of observation 
involves a great amount of labor, since underground traveling 
is necessarily slow and the location of subterranean points 
involves the compilation of a great number of underground 
surveys. The compilation and correlation of these surveys and 
the location of various points of contact and other phenomena 
can be made and determined only by one thoroughly familiar 
with the whole ground; hence, the person conducting the work 
must perform an immense amount of purely mechanical labor 
before trustworthy geologic results can be arrived at. It was 
necessary that these surveys should be executed in order that 
corrections in the deductions drawn from the earlier surveys 
might be made, since those observations might influence both 
the theoretic conclusions as ifco the origin and manner of forma­ 
tion of the ore and the more practical ones as to the probable 
extent and location of as yet undiscovered ore bodies.

The gold deposits of Breece Hill, whose development has 
given new life to this important district, he does not regard as 
essentially different in origin and manner of formation from 
the deposits previously opened, in which the principal value 
lay in the silver content, the small gold content being neglected. 
These gold ores still carry a considerable amount of silver, 
and their increased percentage of gold is probably due to their 
proximity to a great mass of pyritiferous porphyry, which 
was shown by previous observations to be gold-bearing. Mr 
Emmons says:

If I am correct in my present views, other valuable gold deposits 
will probably be found along the contacts between this porphyry and 
the adjoining limestones, but it is almost impossible to determine the 
probable location of such contacts, owing to the irregular shape of the 
porpnyry intrusions.
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The latter part of the field season was spent by Mr Emmons 
and his assistant, Mr. J. E. Spurr, in examining the Mercur 
district, in the Oquirrh Mountain range of Utah. This district 
has excited much scientific interest on account of the peculiar 
character and association of its gold-bearing ores, which are 
found in stratified limestones associated with cinnabar and 
realgar. It was found necessary to construct a detailed topo­ 
graphic map of &n area of about 2^ miles square before plat­ 
ting the outlines of the different geologic formations. After 
getting the work well under way, Mr. Emmons left Mr. Spurr 
to complete the necessary field observations. The geologists 
found here a series of very thin sheets of eruptive rock lying 
approximately parallel with the stratification, which are proba­ 
bly offshoots from cross-cutting- dikes. Immediately beneath 
these sheets ore deposits have formed, in which the values at 
the upper horizon are in gold and at the lower horizon in sil­ 
ver, the latter having been first formed and the gold deposits 
being apparently the result of subsequent mineralizing action. 
The ores occupy a narrow geologic horizon which is probably 
at the base of the Carboniferous limestone. Accurate and 
detailed work was done in this smaller area, and reconnaissance 
maps, both geologic and topographic, were made of the sur­ 
rounding region, covering an area of about 60 square miles, 
for the purpose of showing the general geologic relations of 
the ore bodies. It is thought that the results obtained, when 
verified by the necessary laboratory experiments, will be of 
value to the miners and mine owners of the district, as well as 
of general scientific interest

A visit was also made to the mining districts of Breckenridge 
in Colorado and Tintic in Utah, for the purpose of determining 
the approximate area of the ore deposits in case it should be 
thought desirable later to make detailed examinations of either 
district.

Mr. Emmons's time was given almost exclusively during the 
remaining portion of the year to the preparation of the report 
on the Leadville district, and that of Mr. Spurr to the prepara­ 
tion of a report on the Mercur district. The latter was com­ 
pleted, and it appears in Part II of this Anmial Report.
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Hills party. The survey of the iron and coal area of south­ 
ern-central Colorado was placed in charge of Mr. R. C. Hills, 
of Deir^ei1, whose services were engaged for the purpose. Mr. 
Hills completed the field work on the Trinidad, El Moro, and 
Walsenburg sheets (which embrace in whole or in part the 
counties of Las Animas, Huerfano, and Pueblo), with the ex­ 
ception of certain details which he proposes to add during 
the ensuing field season. The area covered is fully 3,000 
square miles. The results will be published as soon as the 
topography of the mountain portions of the tracts under con­ 
sideration can be revised, in order to render them more suitable 
for the proper presentation of geologic structure

Cross party. Mr. Whitman Cross was instructed to make a 
reconnaissance of the western portion of the San Juan Moun­ 
tains and of the adjacent La Plata Mountains, within the gold 
and silver district of southwestern Colorado, for the pmpose of 
determining the order in which it is best to take up the survey 
of the various mining districts of the San Juan region. He 
began field work by studying the sedimentary rocks of the 
Animas River and the Post-Laramie rocks that occur below 
Durango. He then visited the La Plata Mountains, and 
thence traversed the regions of the Rico (Dolores and Monte- 
zuma counties) and Telluride (San Miguel, Dolores, and San 
Juan counties) sheets, topographic surveys of which were 
being made at the time of his visit. This reconnaissance work 
covered an area of appi'oxitnately 500 square miles, and it will 
greatly expedite the areal mapping and detailed study of the 
region during the field season of 1895-96.

Mr. Cross found the gold deposits of the La Plata Moun­ 
tains to be poorly developed, although evidently of consider­ 
able extent throughout the group. The development appears 
to have beeii very greatly hindered by erroneous ideas of the 
geology of the mountains and by misapprehension of the 
character of the ore deposits. He found that the ores are 
chiefly impregnations of the Dakota and other sedimentary 
horizons in the vicinity of diorite stocks. It is thought that 
the detailed geologic map will be of great service as an aid in 
prospecting and developing, as the ores are not generally
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rich enough to be profitably worked except on the basis of 
a thorough understanding of the deposits themselves. The 
scientific results obtained from the reconnaissance are of great 
interest and add materially to our knowledge of the geology 
of the region of the San Juan area

After completing the work in the San Juan area, Mr. 
Cross proceeded to the Cripple Creek gold district, to make a 
detailed geologic map, on a large scale, of this important dis­ 
trict. So far as known the Cripple Creek mining district is 
unique in the character of its geology. This fact, together 
with the extremely decomposed state of the rocks and the 
extent to which vegetation has covered the hills, makes it 
almost impossible for the miner and the mining engineer to 
gain a true conception of the local geology. It is thought 
that the detailed geologic map which has been made will be 
of service in the exploration of the mineral area. A study of 
the ore deposits was made by Prof. R. A. F. Penrose, jr, which 
will be of great service in clearly establishing the character­ 
istics of the ore veins and in showing their relations to the 
geology

During the winter and spring Mr. Cross and Professor Pen- 
rose were engaged in preparing a report upon the Cripple 
Creek gold-mining district. This includes an extended paper 
which is published in Part II of this. Annual Report, and a 
special geologic map, with text, which is to be inserted in the 
Pikes Peak geologic folio.

Hague party. Mr. Arnold Hague has been engaged during 
the year with office work pertaining to the preparation of the 
geologic maps for the Yellowstone National Park folio and 
the monograph upon the same region. The preparatory work 
upon the folio atlas has been completed, and considerable 
progress has been made in the preparation of the monograph. 
Owing to the peculiar natural attractiveness of the area em­ 
braced within the limits of the park, the folio and monograph 
will be of unusual interest. 
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PACIFIC REGION.

This region embraces the territory lying between the Pacific- 
coast on the west and approximately the one hundred and 
nineteenth meridian on the east.

Ditter party. Field work in northeastern California and 
southwestern Oregon was not taken up during the field season 
of 1895, as Mr. J. S. Diller was detained in Washington. He 
is now in Oregon, actively at work. The results of the oper­ 
ations of the field season will be reviewed in the next annual 
report.

In the office the greater part of Mr. Diller's time was given 
to the preparation of a bulletin to accompany the Educational 
Series of Rocks. As the preparation of the bulletin advances, 
the specimens of the series are prepared in the Petrographic 
Laboratory for distribution, 15,706 having been treated and 
numbered, and it is anticipated that the bulletin and collection 
will be ready for distribution at the same time. In order to 
make the bulletin most useful to teachers and students, it will 
contain, in addition to a full description of the rocks of the 
collection, a preliminary section devoted to the subject of the 
study of rocks The specific descriptions of more than one- 
third of the rocks of the collection have been completed, and 
the introductory portion, on the physical analysis of rocks, the 
principal rock-forming minerals, and the classification of rocks, 
has been written. In the work of preparing the descriptions 
Mr. Diller has been materially aided by the following persons: 
Prof. Joseph P. Iddings, University of Chicago, Chicago, 111.; 
Prof. W. S. Bayley, Colby University, Waterville, Me.; Dr. 
Florence Bascom, State University, Columbus, Ohio; Prof. J. 
E. Wolff, Harvard University, Cambridge, Mass.; Prof. L. B. 
Pirsson, Yale University, New Haven, Conn.; Prof. C. R. Van 
Hise, University of Wisconsin, Madison, Wis.; and Dr. Wal- 
demar Lindgren, of the United States Geological Survey.

Mr. Diller has general supervision of the Petrographic Labo­ 
ratory of the Survey. The work of the laboratory is directly 
in charge of Mr. E. G Paul, who is assisted by Messrs. F. C 
Ohm and W. S. Robbins, all of whom have been continuously
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engaged in the preparation of specimens for study by the geol­ 
ogists, paleontologists, and petrographers of the Survey. The 
total number of thin or microscopic sections made during the 
year is 3,112. Specimens sawed, 987; specimens polished, 
775; specimens trimmed, 750.

Turner party. In continuation of his work of the previous 
year, Mr. H. W. Turner resumed the surveys in California. 
He completed the revision of portions of the south third of 
th'e Downieville sheet, after which he took up the Bidwell Bar 
sheet, the entire area of which was gone over and about 600 
square miles mapped in detail. It will require about three 
weeks' additional field work to complete that sheet.

On the Bidwell Bar sheet the distribution of the gold veins 
in the talc schists and the amphibolite rocks was mapped, 
and the mode of occurrence of gold in barite, or heavy spar, 
on Big Bend Mountain was studied. The principal gold 
deposits, however, occur in altered eruptive rocks, all of which 
were studied in detail.

Mr. Turner also made collections of andalusite schist for the 
Educational Series of Rocks. A fact of scientific importance 
brought out by the season's work is that some of the meta­ 
morphosed Mariposa slates are thoroughly crystalline and 
contain abundant fossil shells, proving their Jurassic age. 
These rocks are the youngest of the sedimentary rocks form­ 
ing the auriferous series of the Sierra Nevada

Mr. Turner spent the winter and spring in Washington in 
the study and preparation of material for the Downieville 
sheet and in the preparation of papers for journal publication.

Lindgren party Mr. Waldemar Liudgren surveyed an area 
of 950 square miles in Eldorado and Amador counties, Cal., 
comprising the Pyramid Peak sheet of the Gold Belt. He 
also completed the survey of the Nevada City and Grass Val­ 
ley special maps, covering parts of Nevada County. Com­ 
parative studies were made of the mines along the Mother 
Lode of the Gold Belt and the districts previously surveyed. 
These studies led to the determination of certain leading and 
characteristic features of the gold-quartz veins of California, 
which may be of service in future development in that region.
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A study was made of the granitic rocks of the Sierra Nevada, 
which are typically represented in the Pyramid Peak sheet. 
The character of the Neocene topography of the Sierra 
Nevada was also studied, and a determination was made of the 
eastern margin of the gold-bearing- region in the latitude of 
the Pyramid Peak sheet.

In the office Mr. Lindgren was occupied during- the winter 
and spring in the preparation of the special maps of the 
Nevada City, Grass Valley, and Banner Hill mining districts. 
The maps, sections, and descriptive texts were all completed, 
and in addition some time was given to the Marysville and 
Smartsville sheets, which were in part revised and rewritten. 
A detailed microscopic study was made of some of the rocks 
of that part of the Gold Belt in which Mr. Lindgren's field of 
work is located, and a part of the final report was written.

Lawson party. The work in the vicinity of San Francisco 
was conducted by Dr. Andrew C. Lawson, who mapped 27 
square miles of the areal g-eology of the Concord sheet, which 
covers parts of Alameda and Contra Costa counties, and about 
the same amount of the areal geology of the San Francisco 
sheet, which embraces San Francisco Bay and County and 
parts of San Mateo, Contra Costa, and other counties. This 
mapping has advanced several lines of investigation, both 
economic and scientific. The question of artesian water sup­ 
ply is of much importance to the numerous towns on the east­ 
ern side of San Francisco Bay, and a knowledge of geologic 
structure is necessary in order to carry on the exploitation for 
water.

Much of the area mapped consists of a peculiar siliceous 
shale which in the southern portion of the State is character­ 
ized by the presence of oil and asphaltum. The study of the 
stratigraphy of these rocks will advance the knowledge of 
their nature and origin and enable the geologist to advise more 
intelligently touching any prospecting that may be undertaken 
in the vicinity of San Francisco with a view to the discovery 
of these useful products. Information was also acquired in 
relation to the distribution of limestone, building stone, clays, 
and materials suitable for macadamizing public highways and 
for railroad ballast, all of which are in local demand.
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The scientific results are contributions to the* data which are 
accumulating with respect to the geology of this portion of the 
Coast Ranges. Large collections of fossils were made by Dr 
J C. Merriam and Mr. F. L. Ransome, temporary assistants.

In the time at his disposal Professor Lawson redrew the 
areal and structural geology surveyed in the field, wrote out 
field notes, and made studies of the materials collected.

MELD WORK BY THE DIRECTOR

In September the Director proceeded to Denver, Colo , where 
he consulted with a large number of mining engineers and 
others interested in geologic work in Colorado. From Denver 
he went to Cripple Creek, in the same State, in company with 
Mr. S. F. Emmons, of the Survey staff, and visited the district 
in which Messrs. Cross and Penrose were conducting work. 
The next stop was at Big Pine, Inyo County, Gal., where a 
camp outfit had been received by Mr. F. B. Weeks, who accom­ 
panied the Director as a field assistant and stenographer. Two 
weeks were spent in a reconnaissance of the White Mountain 
Range, which extends along the boundary between California 
and Nevada. It resulted in the determination of the general 
structure of the range mentioned and the discovery of the fact 
that the rocks forming it are of essentially the same geologic 
age as those of the Basin Ranges of western Utah and Nevada, 
and that the Cambrian rocks, which had hitherto been unknown 
in California, occur in great development in the White Moun­ 
tain Range. On the completion of this reconnaissance the 
Director proceeded to San Francisco and held numerous con­ 
ferences with mining engineers, geologists, and others, not only 
in the city, but also at the University of California and at the 
Leland Stanford Junior University. Portland, Oreg., was 
next visited for the same purpose; and conferences were held 
in Seattle, Wash, and Boise, Idaho, with reference to the work 
of the Survey in the N orthwesteru States, before returning to 
Washington on November 1.

4

DIVISION OP PALEONTOLOGY.

The field work of the paleontologist is usually undertaken 
with a view to obtaining paleontologic evidence upon which to
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base determinations of the stratigraphic succession of the rocks 
and of their age in the geologic series when broken or dis­ 
turbed by faulting or folding. Incidentally, the paleontologists 
frequently make determinations of paleontologic material for 
the officers of State geological surveys and of educational 
institutions, inasmuch as such institutions often lack the col­ 
lections and libraries that are necessary for the making of their 
own determinations. The knowledge thus gained by the expert 
is in nearly every instance a full equivalent to the national 
Survey for the service rendered. Private students likewise 
frequently make application for aid of this kind, and their 
requests are often complied with.

The work on the Paleozoic fossils was in the immediate 
charge of the Director. In the field collections were made 
from the Cambrian rocks of northern Alabama and eastern 
California. Some assistance was given Prof. H. S. Williams 
in his work on the Devonian faunas, Prof. Alpheus Hyatt on 
the Triassic fauna, and Dr. R. R. Gurley in the preparation of 
material for a monograph of North American graptolites. Mr. 
Gr. H. Grirty was appointed an assistant in April, and worked 
on the collections from the Middle Cambrian. A number of 
collections of Devonian and Carboniferous fossils were identi­ 
fied by Mr. Charles Schuchert, of the United States National 
Museum, the most important of which is that from the Yellow- 
stone National Park.

Stanton party. Mr. T. W. Stanton was engaged in central 
California in the study of the Cretaceous and Eocene strata of 
the Coast Ranges, the primary object being the determination 
of the field relations of the Upper Cretaceous (Chico) and the 
Eocene (Tejon), and the collection of stratigraphic data and 
of fossils for a comparative study of these formations. The 
localities visited are all in the area between Clear Lake on the 
north and New Idria on the south. The evidence collected 
shows that the Chico and the Tejon have very distinct faunas, 
and that the supposed blending of the two faunas was largely 
due to errors in identification of both strata and species.

In October Mr. Stanton joined Mr. H. W. Turner's party, and 
spent about ten days with it, searching for fossils to aid in
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the determination of horizons in the areas then being mapped. 
Later an examination was made of the Lower Cretaceous beds 
in the neighborhood of Riddles, Oreg. A large collection of 
fossils was obtained, and the Horsetown and Knoxville beds 
of this, region were clearly discriminated

Mr. Stanton next proceeded to Fort Benton, Mont, and 
joined Mr. W. H. Weed, for the purpose of examining the 
Cretaceous strata exposed along the Missouri River from Fort 
Benton to the mouth of the Judith River.

As in previous years, a considerable portion of Mr. Stanton's 
time was devoted to examining and reporting on the Mesozoic 
fossils collected by the geologic field parties of the Survey. 
The larger part of his own collection was also identified and 
made available for study. The Jurassic and Triassic fossils 
of the Yellowstone Park were studied, and the report of the 
results includes descriptions of new species and notes which 
will be published in connection with Mr. Hague's work.

The collections from the Knoxville (Lower Cretaceous) beds 
of California were studied and the new forms included in a 
paper on the fauna of the Knoxville formation, which was 
presented by Mr Stanton for publication and will appear as 
Bulletin No. 133 of the Survey series.

Doll party. Dr. W. H. Dall, accompanied by Mr. J. B. 
Woodworth, one of Professor Shaler's assistants, visited Marthas 
Vineyard, Mass., for the purpose of studying the Tertiary beds 
of the Gray Head section. An examination was also made of 
similar beds on Block Island. The results of these observa­ 
tions are: (1) The establishment of the Miocene age of the fos- 
siliferous strata and their reference to the upper part of the 
Chesapeake Miocene; (2) the discovery of Pliocene strata in 
the section, hitherto unrecognized; and (3) the determination 
of some drift fossils found on Block Island as of accidental 
occurrence. The stratigraphic determination resulted in show­ 
ing the Miocene age of the phosphate rock of South Carolina, 
which had before been regarded as Eocene.

In November Dr. Dall's assistant, Mr. Frank Burns, visited 
Mississippi and western Alabama, and later western Florida, 
for the purpose of obtaining a series of Tertiary fossils of that
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region and of determining whether or not certain collections 
previously made were mixed material from distinct beds of 
different age. Mr. Burns secured large collections of Tertiary 
fossils, and, incidentally, a number of remains of Zeuglodon, 
which will form the fullest series now known of that curious 
animal.

Dr. Dall has reported upon the various collections submitted 
to him by members of the Survey in order to determine the 
age of the beds in which fossils were found. He also prepared 
a number of papers on the subject-matter of his work. This 
includes a monograph on the Tertiary Mactridse and an essay 
on the classification of the bivalve shells. Mr. Burns's time 
was given principally to the cleaning, separating, and arrang­ 
ing of the field collections and the selecting of duplicate sets 
for exchange.

Dr. Dall reports that he received courtesies during the year 
from various private individuals interested in the progress of 
geology, especially from Mr. Joseph Willcox, Mr Charles W. 
Johnson, Mr. H. A. Pilsbry, and Mr. F. J La Penotiere.

Ward party. The most important field work of Prof. Lester 
F. Ward, paleobotanist, was the correlation of the older Poto- 
mac formation of the Atlantic Coastal Plain with the later 
Tuscaloosa formation of the Gulf States. In company with 
Prof. Arthur Bibbins, of Baltimore, he visited various localities 
of the iron-ore region of Maryland, and made considerable 
collections of fossil plants, which determined the age of the 
iron-ore beds. With Dr. Arthur Hollick, of New York, a 
reconnaissance was made of a number of localities on Long 
Island and in New Jersey, and important collections were 
obtained. Later in the year Professor Ward visited Tusca­ 
loosa, Ala., and thence traced the Tuscaloosa formation across 
Georgia into South Carolina, and on through Aiken to Colum­ 
bia. Accompanied by Prof. W. M. Fontaine, of the University 
of Virginia, and Prof. J. A. Holmes, State geologist of North 
Carolina, Professor Ward made an examination of the forma­ 
tions in the vicinity of Weldon, N. C., and visited various places 
on the line of the strike of those formations southward to the 
South Carolina boundary, correlating, in connection with the
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work of the previous year, the formations of the Potomac 
horizon throughout the Atlantic Coastal Plain.

In order to obtain data for comparison with the European 
formations, Professor Ward took leave of absence during the 
summer and visited various parts of Europe. In England 
he made a special study of plant-bearing formations, and in 
France, Portugal, and Italy he made examinations of large 
and important collections in various museums, public and 
private. While in Europe he attended the International 
Geological Congress, which was held in Zurich, Switzerland.

Professor Ward's principal work in the office related to the 
preparation of a paper on "Some Analogies in the Lower 
Cretaceous of Europe and America," which is published in 
this report, Work on the "Compendium of Paleobotany" was 
steadily advanced by Miss L. M. Schmidt, under Professor 
Ward's general supervision.

In the advancement of the report upon the fossil plants of 
Marthas Vineyard and Long Island, Professor Ward had the 
efficient cooperation of Dr. Hollick, who began work upon the 
collections and will prepare a report for publication as a bul­ 
letin of the Survey. He also had the valuable aid and cooper­ 
ation during the year of Professoi Fontaine, who undertook 
the study of a large collection of fossil plants sent in by Dr. 
W. P. Jenney from the Lower Cretaceous of the Black Hills. 
Further mention should be made also of the valuable aid 
rendered during the year by Professor Bibbins, who extended 
to Professor Ward many courtesies in presenting and loaning 
rare specimens and in furnishing information in relation to the 
plant-bearing formations of Maryland.

Knowlton party. It was deemed best that Dr. F. H. Knowl- 
ton should devote his time entirely to the study of collections 
already in hand and the writing of reports upon the same. 
The first six months of the year were given to the revision of 
the flora of the Laramie and allied formations. This work, 
which had previously engaged his attention, was resumed and 
pushed to practical completion It embraces the description 
of about 400 species of plants, and will be of service in work­ 
ing out the stratigraphic succession of the series of rocks in
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which the coal seams of the Laramie formation of the Rocky 
Mountains occur. On the completion of this task Dr. Knowl- 
ton took up the study of the rich collections of plants from 
the Yellowstone Park. At the close of the fiscal year more 
than 100 species had been determined and 200 pages of manu­ 
script prepared. Over 50 per cent of the species were found 
to be new, and these were carefully described. The study of 
the Yellowstone collections thus far has resulted in the com­ 
plete differentiation of three horizons by means of the plant 
remains, viz, Laramie, Fort Union, and Miocene. In addition 
to these more important studies, many small collections were 
determined by Dr. Knowlton from time to time, as they came 
in from members of the Survey and others.

Marsh party. Prof. O. C Marsh continued the study of the 
collection of vertebrate fossils gathered by him during the 
period 1882 to 1890. The general work on the monographs 
was continued, and the special paper on the "North American 
Dinosaurs" which is published in this report was prepared

DIVISION OP CHEMISTRY.

Prof. F W Cl&rke, chief chemist, was in charge of the divi­ 
sion during the year. He was assisted by Dr. W. F. Hillebrand, 
Mr. Greorge Steiger, and Dr. H. N. Stokes. Some important 
cooperation was also secured from Prof. G. E. Munroe, of the 
Columbian University. The larger part of the work was in 
the line of routine analyses, of which 304 were made and 
reported during the year. Of these some of the more impor­ 
tant were those of 42 phosphates from Florida, 12 phosphates 
from Tennessee, 25 coals from West Virginia, and a large 
group of rocks collected in the mining districts by Mr. W H. 
Weed in Montana, Messrs. H. W. Turner and Waldemar Lind- 
gren in California, and Mr. Whitman Cross in Colorado Some 
detailed and elaborate chemical work was done by Dr. Hille­ 
brand on ores from Cripple Creek and Leadville, Colo., and 
from the Mercur district in Utah. Dr. Stokes analyzed two 
meteoric irons, one from Cherokee County, Ga., and the other 
from El Capitan Mountain, Lincoln County, N. Mex.

Professor Clarke was employed largely in administrative 
work in connection with the Department of the Interior exhibit
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at the Cotton States and International Exposition, at Atlanta, 
and in the preparation of a paper on the "Constitution of the 
Silicates," which has already been published as Bulletin No. 
125 of the Survey. This bulletin sums up results of studies 
made during the past eleven years, and presents in complete 
form the general theory upon the subject. Other purely scien­ 
tific work done in the laboratory during the year is an investi­ 
gation by Dr. Hillebrand into the estimation of titanium and 
an elaborate research by Dr. Stokes upon the chloro-nitrides 
of phosphate. The latter investigation led to the discovery of 
a remarkable series of acids containing phosphorus and nitro­ 
gen, which are still under examination.

DIVISION OF HYDROGRAPHY.

This division was placed on a permanent footing by a pro­ 
vision contained in the sundry civil act approved August 18, 
1894, which reads as follows.

For gauging the streams and determining the water supply of the 
United States, including the investigation of underground currents 
and artesian wells in arid and semiand sections, twelve thousand five 
hundred dollars.

This definite recognition of the value of the hydrographic 
work of the Survey gave it new life, and for the first time 
rendered possible the extension of field work and the carrying 
forward with thoroughness of the examination of the water 
resources of the country.

The surveys and examinations now under way were initi­ 
ated by the Irrigation Survey created by act of Congress in 
1888. Previous to that time some stream measurements and 
studies of the water supply, especially of the arid public-land 
States, had been made by geologic and topographic parties, 
but the systematic work may be said to have begun in 1888. 
The Irrigation Division of the Geological Survey ceased to 
exist on August 30, 1890, owing to lack of further appro­ 
priations, but under the wording of laws still in force the 
Geological Survey was authorized to continue some related 
investigations of a scientific character. Among these were 
questions of water supply for the arid region, including the 
location and volume of the rivers. The field work of this
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division, being related to the general mapping of the country, 
was carried on in connection with topographic surveying. 
The greater part of the work, however, was in the office, and 
consisted of completing and preparing for publication data 
which had been obtained by the Irrigation Survey.

Mr. F. H Newell was continued in charge of the hydro- 
graphic work. The general work of the division may be 
summed up as (1) field operations, consisting of the measure­ 
ment of the volume of water in various streams, mainly in the 
western part of the country, and (2) office work, consisting of 
various linos of investigation through the use of printed 
schedules, preparation of results for publication, and general 
correspondence with all classes of citizens

Field work was begun as soon as possible after the appro­ 
priations were made. The first operations consisted of river 
measurements and the reestablishment of stations in Colorado. 
The general supervision and inspection of Western river work 
was assigned to Mr. Arthur P. Davis, who was transferred from 
the Topographic Branch. His long experience in Western work, 
his thorough acquaintance with the country, and his strong 
personal interest in all matters pertaining to irrigation devel­ 
opment and water supply render his services exceptionally 
valuable and efficient. Mr. Newell visited a number of river 
stations with Mr. Davis and arrived at a thorough understand­ 
ing as to the methods and results desired. Mr. Davis then 
visited points in Utah, Idaho, Washington, Oregon, California, 
Arizona, and New Mexico, spending nearly five months in this 
general trip before taking up work in Kansas. The work in 
these States having been laid out, Mr. Newell proceeded to the 
east and north, in order to obtain general information concern­ 
ing the local conditions and to start field work in the subhumid 
States. The services of Prof. Robert Hay were secured, and 
under general directions he made a reconnaissance of the 
country along the one hundred and second meridian, from a 
point near the North Platte River in Nebraska, through eastern 
Colorado and western Kansas, to a point on the headwaters of 
Smoky Hill River. This reconnaissance occupied portions of 
October, November, and December. Upon its completion the
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results were at once prepared for publication by Professor Hay, 
and they may be found in one of the papers accompanying Part 
II of this Annual Report.

Mr Newell next went to the James River Valley, in South 
and North Dakota, visiting the artesian wells at various points 
and obtaining a personal acquaintance with the conditions 
prevailing there. Later he measured the St. Louis River at 
Cloquet, Minn., and, going southward through Kansas and 
Oklahoma to Texas, met Prof. Robert T. Hill, with whom he 
spent some time examining the springs and artesian conditions 
of a portion of the last-named State.

lu the latter part of 1894 field work in the East was resumed, 
Mr. Cyrus C. Babb, who had formerly assisted in stream meas­ 
urement, being placed in immediate charge The stations on 
the Potomae River were renewed and extended so as to cover 
systematically this important drainage system. Preliminary 
work was also begun looking toward an investigation of the 
rivers of Maine and other New England States. Later in the 
season, the appropriation for the next fiscal year being assured, 
similar work was started in Virginia and North Carolina, with 
the intention of taking up a systematic examination of the 
water powers of the Appalachian, area.

The office work of this division is in many respects as 
essential as the field work, and at all times demands careful 
consideration. In addition to the correspondence with field 
assistants and observers, independent investigations have been 
set on foot by means of schedules. These are designed to 
obtain general information from every part of the country con­ 
cerning its water resources and needs. The replies can not be 
expected to be exact or wholly reliable, but they serve to indi­ 
cate the ideas and wants of the people, and round out or con­ 
firm many of the statements of facts the bare details of which 
were obtained through exact measurements. The replies to 
these schedules are systematically filed for reference and are 
consulted whenever reports concerning any particular area 
are in course of preparation. The inquiries sent out from this 
office, and also the reports issued from time to time, necessarily 
give rise to a somewhat voluminous correspondence, resulting



46 REPORT OP THE DIRECTOR.

in a diffusion through newspapers and other channels of pub­ 
lication of the facts which later are embodied in official publi­ 
cations. Every attempt is made to give the utmost publicity 
to this work in order that the results may be utilized by those 
interested at the earliest moment.

A brief review of the operations of the fiscal year can best 
be given by States, arranging these in alphabetical order:

Arizona. The attempt to maintain work in this Territory 
has not as yet been successful, owing largely to the expense of 
transportation and the great distance from towns of points at 
which river measurements can be made. The only station of 
interest now maintained in this Territory is that at Yuma, on 
the Colorado River, this being conducted in' connection with 
river measurements in California. The need of further work 
in the Territory is apparent, but the expense of taking it up 
on a suitable scale is so great that, with present appropriations, 
it seems hardly feasible.

California. The work in this State has been carried on by 
Mr. J. B. Lippincott, of Los Angeles, who, with the assistance 
of Mr. Arthur P. Davis, established a number of stations and 
has expanded the work as far as expenditures can be authorized. 
Measurements of the Sacramento, of tributaries of the San 
Joaquin, and of a few southern streams have oeen made. The 
river stations in this State, though widely scattered, are rela­ 
tively accessible to railroad lines, and therefore the demand 
for information can be more readily met than in some of the 
less advanced areas.

Colorado. This State is one of the few having an engineer 
or official charged with the consideration of the distribution of 
waters for irrigation. The duties of the State engineer are, 
however, so varied in character that it is only occasionally that 
this officer can devote time or funds to investigation of water 
supply. Mr. Arthur P. Davis has arranged for cooperation by 
which the facilities possessed by the State engineer will be 
shared by this Survey and the measurement of streams pushed 
forward in the most economic manner possible. Besides the 
stations previously established on the Arkansas and Rio G-rande 
rivers others have been established in the western and south­ 
western portions of the State.



REPORT OF THE DIRECTOR 47

Idaho Mr V C Tompkins, of Boise, has undertaken the 
supervision of liver measurements in this State and has con­ 
ducted them successfully By act of legislature of March 9, 
1895, the office of State engmeei was created, and Mi F J 
Mills, the lieutenant-governor, was appointed to the place Mi 
Tompkms is working in haimony with Mi Mills, to the end 
that the data collected foi the benefit of the Geological Suivey 
shall be of immediate utility m the State engineer's office

Kansas In the western pait of this State Pi of Robert Hay 
conducted a leconnaissance, pieviously mentioned, and latei 
Mi Aithui P Davis established a number of liver stations at 
points where the lesults appear to be of the fiist importance 
In this woik he was aided by the State Board of Irrigation, 
the obseiveis at a numbei of points being employed by the 
State

Montana Pi of A M Ryon, of Bozeman, has had super­ 
vision of the measuiements of the tnbutanes of the uppei Mis- 
soun The station on the Yellowstone has been abandoned, 
owing to the death of the obseivei, but it is intended to con­ 
tinue and expand these obseivations at the eailiest opportunity

NebnibLa  Measuiements of the Platte and Republican nv- 
eis have been made by Piof Oscai V P Stout, of Lincoln, 
Nebi, who has taken a peisonal inteiest in the work, and also 
biought to beai on it facilities possessed through his connec­ 
tion with the State Univeisity At Noith Platte a numbei of 
measuiements of the Noith Platte Rivei have been made by 
Mr Chailes P Ross In addition, some woik was done in 
the westein pait of the State by Pi of Robeit Hay, as befoie 
mentioned

Nevada Rivei stations weie established on the Humboldt 
and othei streams by Mi L H Tayloi, of Reno, who, through 
his acquaintance with the needs of the State, has been induced 
to take up work of this ehaiactei In this State, as in Arizona, 
the expense of transportation and the inaccessibility of impor­ 
tant points have opei ated to detei i apid extension of field work

New Mexico  The stations in this Tenitory have been undei 
the charge of Mr P E Hanoun, ot Santa Fe, a resident 
engineer connected with vanous local nnpiovements He has
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given the greater part of his time to consideration of problems 
along the Rio Grande, having made measurements at various 
points from Embudo to El Paso, Tex.

North Dakota. In this State a reconnaissance was made 
in the fall of 1894, and considerable information has been 
collected through the topographic parties and by means of 
schedules. The problems in this State at present under con­ 
sideration are mainly connected with deep artesian wells, as 
the rivers offer peculiar difficulties, not only to their utilization 
for irrigation, but also to obtaining accurate measurements of 
them.

Oregon. The investigation of water resources in the west­ 
ern part of this State has been carried on by Mr. V. C. 
Tompkins, in connection with his work in Idaho. It has been 
possible for him to visit some of 'the more important eastern 
rivers of the State, these being more accessible from the 
Idaho side than from the more populous centers of Oregon.

South Dakota. A reconnaissance of this State was made in 
connection with that of North Dakota, and at a later time 
schedules were sent out in the attempt to obtain recent infor­ 
mation concerning the artesian wells. The information is 
being brought together for publication, and, when supple­ 
mented by field work, should be of considerable value to the 
State.

Texas. Besides the reconnaissance in this State made in 
the fall of 1894, a considerable amount of information has 
been obtained by means of schedules sent to owners of arte­ 
sian and deep wells. The geologic work of Prof. Robert T. 
Hill is throwing light upon the structural problems, and will 
lead to an interpretation of many facts at present apparently 
anomalous. A number of large springs were measured, but 
no permanent stations have been established.

Utah. Prof. Samuel Fortier, of Logan, Utah, who has given 
much of his own time to the study of the water resources of 
the Territory, has taken local charge, and has pushed forward 
the work vigorously whenever opportunity offered. With the 
assistance of Mr. Arthur P. Davis, he restored many of the 
old stations, and, later, established new ones, these being 
mainly upon streams belonging to the Salt Lake drainage.
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Washington. In. this State Mr. Samuel Storrow, of North 
Yakima, has undertaken measurements of the Yakima River 
and its tributaries Various causes have, however, conspired 
to prevent the extension of the work beyond this basin, 
although the attempt is being made to do so.

Wyominy. Prof Elwood Mead, State engineer, has assumed 
the supervision of the details of river work in this State, and 
with his assistant, Mr W. M. Gilcrest, is conducting a series 
of measurements upon the North Platte, Laramie, Green, and 
other important streams.

Eastern Stdtes. In Maryland, Virginia, and West Virginia 
measurements of tributaries of the Potomac River were car­ 
ried on during the spring of 1895, and preparations have been 
made to extend this work, with the ultimate object of ascer­ 
taining the water power available from the streams of the 
Atlantic Slope, and also from those tributary to the Mississippi 
River. A number of localities have been selected in North 
and South Carolina, Virginia, and West Virginia at which it 
is desired to establish river stations.

The details of the location of the river stations and of the 
results accomplished at each have been prepared for publica­ 
tion as Bulletin No. 131 of this Survey, covering the calendar 
years 1893 and 1894. In addition to this, a paper has been 
written by Mr. Newell relating mainly to the vacant public 
lands of the United States and their water supply, it being a 
review of the present condition of the public domain and of 
what is now known of the amount of water available for its 
development. This paper will be found in Part II of this 
Annual Report

DIVISION OF MINERAL HESOUHOES.

The Division of Mineral Resources, under the charge of Dr 
David T Day, was engaged during the year in the prepara­ 
tion of the eleventh annual report on the Mineral Resources 
of the United States The first ten volumes constitute a dis­ 
tinct series, but under an act of Congress approved March 2, 
1895, the volume on Mineral Resources becomes a part of the 
Director's Annual Report; thus the eleventh report of this, 
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series, for the calendar year 1894, becomes Parts III and IV 
of this Annual Report. By authority granted in the act men­ 
tioned, the principal chapters were sent to the Public Printer 
in advance of the complete report, and a pamphlet edition of 
them has been issued This has been done heretofore through 
the courtesy of the several Secretaries of the Interior.

The following review from the report presents a summary 
of the chief developments in the mineral industries during the 
calendar year 1894:

Comparing the total value of the product in 1894 with the 
value of 1893, a great decline is evident, the obvious cause of 
which is the general financial depression. But besides this 
general depressing element there were several special features 
which affected the net result. The most notable was the strike 
of the bituminous coal miners, which accounts quite largely 
for the greatly decreased production and increase in price for 
part of the year The strike naturally increased the use of 
anthracite, which partially made up for the decreased demand 
for this substance due to the depression of manufactures The 
low price of silver is responsible for the decreased production 
of that metal. The consumption of petroleum exceeded the 
production, greatly decreasing the stocks at the wells and 
increasing the price. The other principal features are sum­ 
marized below.

METALb

Iron and steel. The declining tendency noted in the report 
for 1893 continued in 1894. The production of pig iron 
decreased from 7,124,502 long tons in 1893 to 6,657,388 long 
tons in 1894. The decrease in value was nearly $20,000,000; 
from $84,810,426 in 1893 to $65,007,247 in 1894. The value 
of the pig iron produced in the United States in 1894 was less 
than half that in 1892, two years previous, though the decline 
in production was only about 27 per cent Production of steel 
of all kinds increased from 4,019,995 long tons in 1893 to 
4,927,581 tons in 1894 Limestone used for iron flux in 
1894 was 3,698,550 long tons, valued at $1,849,275, against 
3,958,055 long tons, valued at $2,374,833, in 1893.

The total product of iron ores in 1894 was 11,879,679 long 
tons, valued at $13,577,335, as compared with 11,587,629 long



REPORT OP THE DIRECTOR. 51

tons in 1893, valued at $18,265,273. This is an increase in 
production of 292,050 long tons, though the value decreased 
$4,687,938. The value per ton in 1894 was $1.14, as compared 
with $1.66 in 1893

Gold and silver. The gold product increased from 1,739,081 
troy ounces, with a coming value of $35,950,000, in 1893 to 
1,910,816 ounces, worth $39,500,000, in 1894 This product is 
the largest since 1878. Silver production declined in 1894, so 
that the total was less than in 1893 by over 10,000,000 ounces, as 
follows: 1893, 60,000,000 ounces, coining value $77,575,757; 
1894,49,501,122 ounces, coining value $64,000,000.

Copper. The industry took little notice of the depressed 
money market and the decreased consumption, but showed a 
noteworthy increase. The product from American ores aggre­ 
gated 360,844,218 pounds, valued at $33,141,142, against 
337,416,848 pounds in 1893, worth $32,054,601. In addition 
6,655,844 pounds were produced in 1894 from imported pyrites. 
The necessary expenditures were also made for keeping up 
future production.

Lead Product: 159,331 short tons, worth $9,942,254, com­ 
pared with 163,982 short tons in 1893, worth $11,839,590.

Zinc. The rapidly increasing product of late years was 
checked in 1893 and 1894 and a slight decline noted in both 
years Product: 75,328 short tons, valued at $5,288,026, 
compared with 78,832 short tons, worth $6,306,560, in 1893, 
and 87,260 short tons, worth $8,027,920, in 1892.

Quicksilver The product showed a noteworthy increase, 
from 27,993 flasks in 1892 to 30,164 flasks in 1893 and 30,416 
flasks in 1894 The price fell, making the total value $934,000 
in 1894, $1,108,527 in 1893, and $1,245,689 in 1892. The in­ 
creased product came chiefly from the New Almaden, Mirabel, 
and jEtna mines.

Manganese The quantity declined from 7,718 long tons in 
1893 to 6,308 tons in 1894. This was less than half the output 
hi 1892. This decrease was caused principally by the exhaus­ 
tion of the Virginia pockets of ore. The product of manga- 
niferous iron ,ore increased, while manganiferous silver and 
zinc ores declined in product and value.
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Aluminum  The usual increase in product continued. In 
1893, 339,629 pounds were made, chiefly by the Pittsburg 
Reduction Company; it was valued at $266,903 in the pro­ 
ducer's hands In 1894 the output was 550,000 pounds; value, 
$316,250. The largest single use is for adding to steel before 
casting. It is also used for improving iron castings, for orna­ 
mental fancy articles, and for aluminum cooking utensils, which 
are being generally introduced.

The Southern deposits of bauxite furnish more and more of 
the raw material.

Tin. More careful examinations of the Kings Mountain, 
North Carolina, locality furnish indications of considerable ore 
which may yield 3 per cent No work was done at the other 
deposits.

Nickel. The United States product was greatly reduced, 
amounting to only 9,616 pounds, less than one-fifth the output 
in 1893 and not much more than 10 per cent of the product in 
1892. The Nevada and Oregon mines have not become pro­ 
ducers, but prospecting and development continues. The New 
Caledonia mines increased their product.

Antimony. The value decreased from $45,000 in 1893 to 
$36,000 in 1894. The product came from Nevada and was 
smelted in San Francisco

Platinum. Product from the gold placers is still insignifi­ 
cant. The production in 1894 was 100 ounces, valued at $600.

FUELS

Coal. The product of coal of all kinds in 1894 was 
152,447,791 long tons, or 170,741,526 short tons, valued at 
$186,141,564, against 162,814,977 long tons, or 182,352,774 
short'tons, valued at $208,436,696, in 1893 This indicates a 
decrease in 1894 of 10,367,186 long tons, or 11,611,248 short 
tons, or about 6 per cent, and a decline in value of $22,297,132, 
or a little over 10 per cent. The product in 1894 consisted of 
46,358,144 long tons, or 51,921,121 short tons, of Pennsyl­ 
vania anthracite, a decrease from 1893 of 1,827,262 long tons, 
or 2,046,422 short tons, and of 106,089,647 long tons, or 
118,820,405 short tons, of bituminous coal (including scat-
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tering lots of anthracite from Colorado and New Mexico), 
a decrease compared with 1893 of 8,540,916 long tons, or 
9,565,826 short tons. The value of Pennsylvania anthracite 
decreased from $85,687,078 in 1893 to $78,488,063 in 1894, 
a loss of $7,199,015 The value of bituminous coal declined 
from $122,751,618 to $107,653,501, a loss of $15,098,117. 
The average price per ton for marketable anthracite declined 
from $1.94 per long ton in 1893 to $1.85 in 1894. In arriv­ 
ing at the average price for anthracite the amount of coal used 
at the collieries is not included. This factor consists of culm, 
or slack, which would otherwise be thrown on the dump and 
wasted, and no account of it is taken in the valuation. The 
average price of bituminous coal declined from 96 cents in 
1893 to 91 cents in 1894. In determining the average price 
of bituminous coal all the coal mined and not actually thrown 
away is considered.

In addition to the general trade depression and decline in 
values, which affected both the anthracite and bituminous inter­ 
ests," the production of bituminous coal was seriously disturbed 
by a prolonged strike, inaugurated in April and continuing in 
some cases until September. The adverse influences of this 
strike were felt in nearly all the important producing centers, 
particularly in the Appalachian, Central, and Western fields. 
The anthracite and a few bituminous regions which were not 
affected by the strike were temporarily benefited The Poca- 
hontas region in Virginia and West Virginia, some portions of 
the New River and Kanawha, and the Upper Monongahela 
regions in West Virginia, and some portions of Kentucky, 
were exempted from its operations, and for a while production 
in these regions was greatly stimulated and increased prices 
for the product were obtained; but the temporary benefit 
derived from the disturbance in other regions was not suffi­ 
cient to offset the general decline in values, and the output for 
the year even in these favored regions shows a decrease in 
value compared with the preceding year. An estimate of the 
loss to the labor interests, based upon the average number of 
employees and the average working time in 1894 compared 
with 1893, shows one day's labor lost by 5,167,357 men, or
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17,224 men thrown out of employment for a full year of 300 
working days. Computing the average wages per diem at $3, 
a total loss in wages to the miners and other employees thrown 
out of work amounted to $15,502,071.

Coke.. The total product of coke in the United States in 
1894 was 9,196,244 short tons, as compared with 9,477,580 
short tons in 1893. There was a slight increase of coke-made 
pig iron, from 5,390,184 long tons in 1893 to 5,520,224 long 
tons in 1894, which would indicate an increased production of 
coke for iron reduction.

Petroleum  The most notable features in connection with the 
production of petroleum in 1894 are: (1) The continued decline 
in production in the older fields and the increase in the newer, 
especially in the Lima-Indiana 'field and California, the total 
production of the United States showing an increase; (2) the 
increase of consumption over production and heavy decline in 
stocks at wells; and (3) the increase in price as compared 
with 1893.

Pennsylvania declined from 19,283,122 barrels in 1893 to 
18,077,559 barrels in 1894; New York, from 1,031,391 bar­ 
rels in 1893 to 942,431 in 1894 West Virginia about held 
its own, the production being 8,445,412 barrels and 8,577,624 
barrels in 1893 and 1894, respectively. Ohio increased from 
16,249,769 barrels in 1893 to 16,792,154 barrels in 1894. The 
chief increase in this State was in the Macksburg or Eastern 
Ohio district, the Lima district producing about the same as 
in 1893. Indiana increased from 2,335,293 barrels in 1893 to 
3,688,666 barrels in 1894. Colorado decreased from 594,390 
barrels in 1893 to 515,746 barrels in 1894, and California 
increased from 470,179 barrels in 1893 to 705,969 barrels in 
1894 The stocks held at the wells declined from 12,316,611 
barrels at the close of 1893 to 6,499,880 barrels at the close 
of 1894.

The total increase in the United States was from 48,412,666 
barrels in 1893 to 49,344,510 in 1894

The average value of certificate oil in the Appalachian field 
in 1894 was 83$ cents, as compared with 64 cents in 1893, an 
increase of 19| cents. In the Lima field the average price
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advanced from 47J cents in 1893 to 48 cents in 1894. The 
total value of the 48,412,666 barrels produced in 1893 was 
$28,932,326, or 59| cents per barrel, while the product of 
1894, 49,344,516 barrels, was worth $35,522,095, or nearly 
72 cents per barrel.

The exports in 1894 were 908,225,314 gallons, being over 
100,000,000 gallons more than in 1893. This is the largest 
export yet recorded.

STRUCTURAL MATERIALS.

Stone. The value of the total product of stone of all kinds 
increased from $33,885,573 in 1893 to $37,377,816 in 1894. 
The increase noted is probably not so much due to an increase 
in actual production as it is to the fact that the canvass of 
the stone producers of the country for this year is a complete 
census.

Soapstone. The production of soapstone in the form of slabs, 
etc, amounted to 23,141 short tons in 1894, worth $401,325, 
compared with the production of 21,071 short tons in 1893, 
worth $255,067. The production of fibrous talc in 1894 was 
39,906 short tons, worth $435,060, compared with 35,8G1 
short tons in 1893, worth $403,436.

Clays For the first time in the history of the Geological 
Survey an attempt has been made to make a complete can­ 
vass of the clay-workers of the United States. This work has 
been highly satisfactory, and the value of the clay products 
is shown to be $65,389,784. The only figures with which 
comparison can be made is the statement published by the 
Eleventh Census, which shows that the value of the finished 
brick, tile, terra cotta, etc., in 1890 was $67,770,695.

Cement. The production of natural-rock cement increased 
slightly; that is, from 7,411,815 barrels in 1893 to 7,563,488 
barrels in 1894. Artificial Portland cement increased from 
590,652 barrels in 1893 to 798,757 barrels in 1894. The value 
of natural-rock cement decreased from $5,104,708 in 1893 to 
$3,646,608 in 1894; that of Portland increased from $1,158,138 
in 1893 to $1,383,473 in 1894, making a total value of all 
cements in 1894 of $5,030,081, as compared with $6,262,846 
in 1893. This decrease in total value is due to the fact that
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the value of the barrels is not included in the 1894 figures, 
while it has been included heretofore.

ABRASIVE MATERIALS

Millstones The value decreased from $16,645 in 1893 to 
$13,887 in 1894. The product came from New York, Penn­ 
sylvania, and Virginia.

Grindstones. The value in 1894 was $223,214, as compared 
 with $338,787 in 1893. These values include 810,143 and 
$19,159 worth of whetstones made from sandstone, chiefly in 
Ohio, in 1894 and 1893, respectively.

Corundum and emery. The product decreased slightly in 
1894, or from 1,713 short tons, worth $142,325, in 1893 to 
1,495 short tons, worth $95,936, in 1894.

Oilstone. The Arkansas, New Hampshire, and other whet­ 
stones made in 1894 from novaculite had a value of $136,873, 
against $135,173 in 1893. This does not include the sand­ 
stone product of Ohio.

MINERALS USED FOB CHEMICAL PURPOSES.

Phosphate rock. Florida produced 527,653 long tons and 
South Carolina 429,218 long tons in 1894, as compared with 
438,804 long tons and 502,564 long tons in 1893. The value 
of Florida's product in 1894 was $1,666,813, and South Caro­ 
lina's $1,662,017, making a total of $3,328,830 The total 
value of this product in 1893 was $4,136,070. The chief event 
of importance in 1894 was the appearance of Tennessee in 
the list of producing States. The product in this State in that 
year was 19,188 long tons, worth where produced $67,158. 
Tennessee promises to be in the future an important producer 
of a high grade of phosphate rock.

Marls. The local use of marls in New Jersey, Virginia, 
and Alabama continues to decrease, being displaced by com­ 
mercial fertilizers

Gypsum. The product in 1894 was 239,312 short tons, 
worth $761,719; in 1893 it was 253,615 short tons, worth 
$696,615.

Salt The product in 1894 was 12,967,417 barrels (of 280 
pounds each), which was an increase over the product of 1893,
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when 11,816,772 barrels -were produced. The total value shows 
'an increase from $4,054,668 in 1893 to $4,739,285 in 1894.

Bromine. The increased price noted in the last report has 
declined very slightly, the product iu 1894 being 379,444 
pounds, worth $102,450, compared with 348,399 pounds in 
1893, worth $104,520.

Iodine  Search is still being made for large quantities of 
salt brines containing even traces of iodine, with a view to 
using new processes for extracting it.

Sulphur. The product continues to decrease. In 1894 it, 
was 500 short tons, worth at Salt Lake City $20,000. In 1893 
it was 1,200 short tons, worth $42,000. This product, as 
heretofore, comes entirely from the Western mines.

Pyrites. The product increased from 83,277 long tons in 
1893, worth $275,302, to 105,940 long tons in 1894, worth 
$363,134 New sources of supply are being developed in 
North Carolina.

Borax. The product increased from 8,699,000 pounds in 
1893, worth $652,425, to 14,680,130 pounds in 1894, worth 
$974,445. This entire product came from California and 
Nevada.

Fluorspar. The product and value of this substance showed 
a decline in 1894 from 1893, being 7,500 short tons, valued 
at $47,500, in the former year, and 12,400 short tons, worth 
$84,000, in the latter year.
1 Chromic it on ore. The product in 1894 was 3,680 long tons, 
worth $53,231 in San Francisco, as compared with a product 
of 1,450 long tons in 1893, worth $21,750. All of this prod­ 
uct was from California. The consumption is chiefly supplied 
from imports from Asia Minor.

MINERAI PIGMENTS.

Barytes. The promise of an increase in production of this 
substance made in the last report was not fulfilled, the produc­ 
tion being 23,335 short tons, worth $86,983, as compared with 
a product of 28,970 short tons in 1893, worth $88,506.

Metallic pa^nt. The product of metallic paint increased from 
19,960 short tons in 1893, valued at $297,289, to 25,375 short 
tons in 1894, valued at $284,883, showing an increase in 
product of 5,415 tons and a decrease in value of $13,406.
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Ocher, umber, etc. The product of ocher decreased from 
10,517 short tons, valued at $129,393, in 1893, to 9,768 short 
tons, valued at $96,935, in 1894. Umber declined from 480 
short tons, valued at $7,560, to 265 short tons, valued at 
$3,830. The product of sienna increased from 150 to 160 
short tons, but the value declined from $4,875 to $3,250. The 
amount of soapstone ground for pigment was 75 tons, valued 
at $525, against 100 tons, valued at $700, in 1893. Slate 
ground for pigment decreased from 3,183 short tons to 2,650 
short tons.

Venetian reds. The product decreased from 3,214 short tons 
to 2,983 short tons, while the value increased from $64,400 
to $73,300.

Cobalt oxide. The total product in 1894 was 6,763 pounds, 
worth in the condition in which it was first sold $10,145. The 
price of pure cobalt oxide ready for pottery or paint use was 
$2 per pound.

Zinc tvhite. The product declined slightly, from 24,059 
short tons in 1893, worth $1,804,420, to 21,443 short tons in 
1894, worth $1,500,975. The price decreased from $75 per 
ton in 1893 to $70 in 1894.

Graphite. The product, 918,000 pounds in 1894, includes 
the crude material mined for crucible and all purposes, as well 
as that for pencils. Its value was $64,010 in the state in which 
it was first mined. In 1893 the product was 843,103 pounds, 
worth $63,232.

MlhCELLANBOUS.

Precious stones. The value of the rough gems found in the 
United States decreased from $264,041 in 1893 to $132,250 
iii 1894.

Mica. The industry is still crippled by irregularity in min­ 
ing methods. The value of the product in 1894 was $52,388, 
as compared with $88,929 in 1893.

Feldspar. The product and value increased from 18,391 
long tons in 1893, worth $68,037, to 17,200 long tons in 1894, 
worth $167,700.

Flint. This product also shows an increase in produc­ 
tion au'd value, the figures being, in 1893, 29,071 long tons,
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worth $63,792, as compared with 38,000 long tons, worth 
$319,200, in 1894.

Asphaltum. As in 1893 the most of this product came from 
California, with small amounts from Utah and Kentucky. 
This product includes ozocerite, produced in Utah, and 
amounting in 1894 to 60,570 short tons, worth $353,400. This 
shows a slight increase in production and decrease in value. 
In 1893 the product was 47,779 short tons, worth $372,232

Asbestos. The deposits of chrysotile near Casper, Wyo., 
mentioned in the last report, still lack development. The 
product in California, however, increased quite significantly, 
or from 50 tons hi 1893, worth $2,500, to 325 tons in 1894, 
worth $4,463.

Infusorial earth. The product continues to decline, the value 
of that produced in 1894 being but $11,718, as compared with 
$22,582 in 1893.

Magnesite. California continues to be the only State pro­ 
ducing this substance. The product in 1894 was 1,440 tons, 
valued at $10,240 in San Francisco. In 1893 the product was 
704 tons, worth $7,040.

Mineral waters. The statistics are limited to the actual 
amount sold. In 1894 the product declined to 21,569,608 
gallons, worth $3,741,846, as compared with a product of 
23,544,495 gallons in 1893, valued at 84,246,734.

Metallic products of the United States in 1894.

Products

Silver...................
Gold....................

Zinc ....................

Total ............

.........do....

..... ...do....

Quantity

6, 657, 388
49, 501, 122

1, 910, 816

360, 844, 218

159, 331

75, 328

30,416

550, 000

200

9,616

100

Value

$65, 007, 247

64, 000, 000

39, 500, 000
33, 141, 142

9, 942, 254

5, 288, 026

934, 000

316, 250

36, 000

3,268

600

218, 168, 788
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NonmetalUc mineral products of the United States in 1894.

Products,

Pennsylvania anthracite

Unck clay (all, except

Clay (all, except brick)

Salt.--.....--.......-. .

Flint ................ ..

Entile..................

... -long tons.-

potter's clay),

..........do....

...... ....do ...

.......... do..-.
.........do....

..........do....
.........do....

..........do....

iln

Total value of nonmetalhc min­ 
eral pi oducts ... ...

Total value of me 
Estimated value o 

ucts unspecified

talhc products, 
f mineral prod-

Quantity

118, 820, 405 
46, 358, 144

49, 344, 516

360, 000 
8, 362, 245 

21, 569, 608 
976, 059 

12,967,417 
3, 698, 550 

21, 443 
239, 312 

14, 680, 130 
41, 926

39, 906 
60, 570 
23, 141

105, 940 
1,495

23, 335 
379, 444 

7, 500 
17, 200 

6,308 
38, 000 

918, 000 
500 

75, 000

3,680 
6,763 
1,440 

325 
150 

(a)

Value

$107, 633, 501 
78, 488, 063 
37, 377, 816 
35, 522, 095 
13, 954, 400

9, 000, 000 
800, 000 

5,030,081 
3, 741, 846 
3, 395, 988 
4, 739, 285 
1, 849, 275 
1, 500, 975 

761, 719 
974, 445 
498, 093 
223, 214 
435, 060 
353, 400 
401, 325 
132, 250 
363, 134 

95, 936 
136, 873 
52, 388 
86, 983 

102, 450 
47, 500 

167, 700 
53, 635 

319, 200 
64, 010 
20, 000 
40, 000 
11,718 
13, 887 
53, 231 
10, 145 
10, 240 
4,463 

450 
(a)

308, 486, 774 
218, 168, 788

1, 000, 000

527, 655, 562

(o) Included in asphaltum
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The chief work of this division, in addition to the prepara­ 
tion of the report, has been a study of the mineral resources 
of the Southern States, made possible by the request from the 
directors of the Cotton States and International Exposition 
Company that the mineral portion of this exposition should 
include systematic representation of the mineral resources of 
the Appalachians The organization of this work was assigned 
to Dr. Day, and has been in progress since November, 1894. 
The method adopted in this study has been to select repre­ 
sentative localities where minerals of economic importance 
are found, and there to secure such specimens as will clearly 
show the characteristics of the minerals as to quality, the quan­ 
tity available for commerce, the mineral associations, and the 
development which they have received The natural conditions 
of occurrence are illustrated by geologic sections, by charts, 
and by photographs. The important problem of systematic 
arrangement of the material collected has been met by a double 
grouping by States and by minerals, so that an alignment in 
one direction groups the exhibits by mineral association, while 
the alignment at right angles is by State divisions. The work is 
at this date in the stage of collecting the exhibits, and is pro­ 
gressing rapidly. Practically the same executive subdivision 
is made in this work as in the statistical organization, and the aid 
of many of the statistical experts has been utilized, but several 
State officials have also aided greatly in securing exhibits.

The office force of the division, in addition to Dr. Day, has 
consisted of Messrs. E. W. Parker, statistician; W. A. Raborg, 
assistant geologist; and Jefferson Middleton, stenographer; 
with the usual corps of statistical experts temporarily employed.

TOPOGRAPHIC BRANCH.

At the beginning of the fiscal year radical changes were 
made in the organization of the topographic work. The two 
independent divisions under which it had been carried on were 
consolidated nuder the name of the Topographic Branch and 
placed in the charge of Mr Henry Gannett. The branch was 
organized by class of work in two divisions, triangulation and 
topography, and by locality of work in four sections, known 
as the Atlantic, Central, Rocky Mountain, and Pacific sections.
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The Atlantic section includes the area of all work done 
within the Appalachian Mountain region and the Atlantic 
Coastal Plain.

The Central section includes the area of all work done in 
the States of the Mississippi Valley, including Minnesota, the 
Dakotas, Nebraska, and eastern Wyoming.

The Rocky Mountain section includes the area of all work 
done in the Rocky Mountain States and Territories, including 
Texas.

The Pacific section includes the area of all work done in 
the Pacific States, including- California, Oregon, Washington, 
and Idaho.

DIVISION OP TKIANGULATION.

In the Atlantic section, before commencing the topographic 
mapping of several of the sheets whose survey was planned 
during the season, it became necessary to extend primary trian- 
gulatiou over them for the ultimate control of the work. In 
July Mr. G. T. Hawkins was sent to the field for the purpose 
of supplying triaugulation in the Sebago Lake sheet of Maine 
and the Pawlet sheet of Vermont. This work was begun and 
ended during the month, and upon its completion Mr. Hawkins 
returned to Washington for other assignment. During most 
of the field season he was under detail to the General Land 
Office, and was engaged in examining and verifying the sur­ 
vey of the north boundary of Nebraska The line was rerun 
and double-chained by him, and, thus verified, it will serve as 
an excellent means of control of the system of land surveys 
in its vicinity, since the township corners have been connected 
with it.

For establishing primary triangulation for the control of the 
Lake George sheet, Mr. S. S. Gannett took the field in July 
and occupied six points upon that and adjoining sheets. In 
the following month he was similarly engaged upon the Nor- 
ristown sheet, Pennsylvania, where he occupied four points. 
The remainder of the season was consumed by him in running 
traverse lines for the control of the Monroe sheet in Georgia, 
and this occupied him until November 7, when he left the field 
and returned to Washington
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Upon an examination of the primary control of the work 
upon the plains in Colorado, it was found that this was insuffi­ 
cient in accuracy, and in order to supply this deficiency Prof. 
A. H Thompson was instructed to extend triangulation. from 
the transcontinental belt of the United States Coast and Geo­ 
detic Survey over as great an extent of the plains as the season 
would permit. Accordingly, he commenced work on Septem­ 
ber 2, connecting with three Coast Survey stations, known as 
Cramer, Adobe, and Square Bluff. From these points trian­ 
gulation was extended southwai'd across the Arkansas River, 
and thence southwestward to a connection with Fisher Peak, 
at Trinidad, near the south line of the State. Altogether 
twenty-four stations were located in this work during the 
season, which closed on November 23, the cold weather and 
frequent storms preventing its further prosecution. The trian­ 
gulation executed by this party controls three atlas sheets, 
besides furnishing excellent opportunities for extension both 
eastward and westward into adjoining sheets.

Work was begun in western Oregon in May. The lati­ 
tude and longitude of a point in the city of Eugene, were 
determined astronomically by Mr. S S. Gannett. The latitude 
was obtained by zenith telescope, observations therefor having 
been made upon ten nights. For the comparison of local time 
for longitude determination, connection was had, through the 
courtesy of the Superintendent of the United States Coast 
and Geodetic Survey, with Sail Francisco, and five nights' 
comparison, with the requisite transit observations for local 
time, was obtained. Through the courtesy of the Western 
Union Telegraph Company its wires were used for time com­ 
parisons.

Meantime, Mr. W. T. Griswold measured a base-line in the 
neighborhood of Eugene 18,630 feet in length - This base 
was measured twice with a 300-foot steel tape standardized by 
comparison with the standard of the United States Coast and 
Geodetic Survey in Washington. This base was expanded 
and triangulation was extended southward by Mr. Griswold, 
supplying control for three atlas sheets. Altogether fourteen 
stations were occupied in the expansion and triangulation.
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DIVISION OP TOPOGRAPHY.

ATLANTIC SECTION.

The Atlantic section, which comprises the northeastern and 
southeastern sections of the preceding year, was placed in 
charge of Mr. H. M. Wilson, and has remained in his charge 
throughout the year. By this section 7,000 square miles 
have been surveyed, completing seventeen atlas sheets and 
parts of six others. Of this area, 3,000 square miles have 
been mapped upon the scale of 1 :G2500 in contours of 20 feet, 
and 4,000 square miles upon a scale of 1:125000 in contours 
of 50 or 100 feet.

The area surveyed by this section is distributed as follows 
among the various parties and fields of work:

Areas surveyed by the Atlantic section of topography during 1894-9~>.

Chief of pnrty

Lovell, W H.. .......
Hyde, George E ......

Sutton, Frank, et al . . .

Hackett, Merrill, et a]

Murhn, A E ..........
Blair, H B. ..........

Atlas sheets

in New York, and Manchester in
Vermont.

New York.
Philadelphia, Germantown, Norris-

town, and Chester, in Pennsylvania
Piedmont, in Maryland and West Vir­

ginia.

Area 
in square 

miles

500

500

625

375

1,000

1,000

500
500
500

1,000
500

CENTRAL SECTION

This section has been throughout the year in charge of Mr.
J II. lienshawe Work has been prosecuted in Minnesota,
North and Sonth Dakota, Wyoming, and Nebraska. An area
of 10,475 square miles has been surveyed, of which 750

  square miles are upon a scale of 1.62500, and 9,725 square
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miles upon a scale of 1:125000. This area completes ten 
sheets, three of them upon a scale of 1:62500, and seven upon 
a scale of 1-125000.

The results are summarized in the following table:

Areas surveyed by the Central section of topography during

Chief of party

Wallace, H S. .
Towson, R M . .
Peters, W J

State

.....do ..... -. . ... ..... . . ..

Area 
in square 

miles

500
2,000
9 99^

1,000

3,500
1,250

ROCKY MOUNTAIN SECTION.

This section has been in charge of Mr E. M. Douglas. 
Work has been prosecuted in Colorado by three parties and 
in Texas by an equal number. An area ot 5,963 square miles 
has been surveyed, of which 38 square miles were on a 
scale of 1:25000, 575 on a scale of 1:62500, and 5,350 on 
a scale of 1:125000 This area completes eight sheets, one of 
them, the Cripple Creek sheet, being upon a scale of 1:25000, 
with a ctmtour interval of 50 feet Two of them, the Tellu- 
ride and Rico sheets, are upon a scale of 1:62500, with a con­ 
tour interval of 100 feet, the remaining five being upon a scale 
of 1:125000. Three of these, namely, Pueblo, Walsenburg, 
and Nepesta, are upon the plains of Colorado, and the work 
upon them has consisted of a resurvey. The contour inter­ 
val on these sheets is 50 feet The other two, the Valentine 
and Fort Davis sheets, are in western Texas, and the contour 
interval of these sheets is 100 feet.

The results of the work of this section are summarized in 
the following table:

16 GKEOL, PT 1  i>
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Areas surveyed l>y the Rocky Mountain section of topography during
1894-95.

Chief of party

Bannon, T. M. ........

Corse, W.B. ..........

Locality

.... do .......... .... .......... ...

.....do ...... .......................
West Texas .................. ......
.....do ...... ................ ......

Area 
in square 

miles

qu

QOK

9^fl

2 nnfl

1,000
1 non
i ono

OKrv

PACIFIC SECTION.

This section has been in charge of Mr. R. U. Goode It 
has sxirveyed during the season an area of 6,975 square miles, 
of which 3,475 are upon a scale of 1:62500 in contours of 25 
or 50 feet, and 3,500 upon a scale of 1.125000 in contours of 
100 feet. There have been completed by this section during 
the season fifteen atlas sheets, and work has been commenced 
upon six others Of the completed sheets, two are upon a 
scale of 1:125000, with a contour interval of 100 feet, and the 
remainder upon a scale of 1- 62500, with a contour interval- of 
25 or 50 feet.

The results of the work of this section are summarized in 
the following table:

Areas surveyed by the Pacific section of topography during 1894-95.

Chief ot paity

Peikins, E. T,jr. ......
McKee, K H ........ - -

Griswold W T
Baruard, E C...-- .....

Marshall, R. B . . . . .....

Post, W S.. ......... .

State

.....do ... .............. .

.....do .... .............. ......

.....do ..... .... ............ ....

.....do .... ... ................

Area 
in squaie 

miles

2,000

300
300

700
500

1,000
675

1,000
500
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OFFICE WORK.

During the winter the surveying force was engaged, as 
usual, in reducing and transferring the plane-table sheets and 
in inking and lettering the original maps. The work has 
gone on rapidly and efficiently, and all the work of the past 
season has been put in shape and made ready for the engraver.

Messrs. S. S. Grannett and Gr. T. Hawkins have been en­ 
gaged in the reduction of triangulation and primary traverse 
lines

SUMMARY OF THE WORK OF THE FIELD SEASON.

The total area surveyed was 30,413 square miles, of which 
23,563 square miles are newly mapped, while 6,850 square 
miles consist of revision of earlier work. Classified by scale 
of publication, the above surveyed area consists of 22,613 
square miles upon a scale of two miles to the inch (1:125000) 
and 7,800 square miles upon a scale of one mile to the inch 
(1-62500).

The number of atlas sheets completed is forty-nine, of which 
forty-one are new work and nine are revision Of the new 
work, one sheet is on the scale of 1.25000, twenty-nine sheets 
are on the scale of 1:62500, and eleven sheets on the scale of 
1:125000. Of the revision, three sheets are on the scale of 
1:62500 and six sheets on the scale of 1:125000 Besides 
these, twenty-nine sheets were surveyed in part.

The area surveyed is distributed in twenty-one States, as
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shown in the following table and on the map which accom­ 
panies this report (PL I):

Topographic surveys by the United States Geological Purvey in 1SV4-95.

State

Now York
Pennsylvania and New Jersey.

Total ...... ............

Scale of publication

1 62500

Square miles 
500 
750 
750 

1,000

500

250 
«575

300'

3,175

7,800

1 125000

Square miles

1,500 
500 
500 

1,500

2,000 
2,225 
1,000 
4,500 

a3, 000 
2,350 
2,000

1,000 
500

22, 595

Contour interval

Feet. 
20 
20 
20 
20 

100 
100 
100 

50 
20 
20 
20 
50 
20 

50 and 100 
20 and 100 

100 
25 

100 
25 and 100

a Besides 38 square miles mapped on scale of 1 25000
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The following are the sheets completed by this season's work: 

Topographic sheets completed during 1894-95.

Locality and name of sheet

Maine:

Vermont 
Strafford .......... ..... ..... ...........

New York:

Fonda (part in 1893)...... ..................
Lake Placid (part in 1893) .................

Pennsylvania :

Maryland and West Virginia

Georgia-

Minnesota 
St Paul ....................................

North Dakota 
Valley City. ......... ......................

South Dakota

Wyoming  

Nebraska

York.......... ............................

Colorado :

Telluride ...................................

Scale

1 62500

1   62500

1   62500

1 . 62500

1 62500

1 62500
1 62500
1   62500
1 62500
1   62500

1   62500

1 : 62500
1.62500
1   62500

1   125000

1   125000

1:62500
1 G2500

1-125000

1 125000

1   125000

1   62500

1-125000
1   125000

1:125000
1   125000

1.25000
1 . 62500

Contour 
interval

Feet. 
20
20

20
20
20

20
20
20
20

20

20
20
20

20

100

50

- 20

20

20

20

50

20
20
20
20
20

50
100
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Topographic sheets completed during 1894-95 Continued.

Locality and name of sheet

Colorado   Contmued 
Eico ,.... ......... .. ....................

Texas  

Idado'

California

Scale

1 62500
1 125000

1 -1 Osfi/vi

1 125000

1 . 125000
1 : 125000

1   125000

1 125000
1   62500

1 62500
1   62500
1:62500
1 02500
1 : 62500
1 62500
1 : 63500
1:62500
1 : 62500
1 62500

1 . 62500
1 62500

Contour 
intt*r\ <tl

loo
tin
Xfi

50

100
100

100

100
25
25
25
25
25
25
25
25

25
25
25
25
25



REPORT OF THE DIRECTOR. 71

The following sheets were commenced during the season, 
but not completed:

Topographic sheets commenced during 1894-95.

-Locality and name of sheet.

New York :

Virginia :

West Virginia:

Tennessee :  

North Carolina:

Georgia :

North Dakota: 
Fargo ......................................

South Dakota :

Mitohell........... ........... ..............

Nebraska :

Colorado :

Texas :

Idaho :

Washington :

Oregon :

California :

Scale.

1 : 62500

1 : 125000

1:125000

1 : 125000

1: 125000

1 : 125000

1 : 125000
1 : 125000
1 : 125000

1 : 125000
1 : 125000
1 : 125000

1 : 125000
1 : 125000
1 : 125000
1 : 125000
1 : 125000

' 
1: 62500

1 125000

1 125000
1 125000

1 125000

1 125000
1 125000

1 : 62500
1 : 62500
1 : 62500

Contour 
interval.

Feet. 
20

100

100

100

100

100

20
20
20

20
20
20

20
20
20
20
20

100

20

100
100

'25

100
100

25-

25
25
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During the field season there were 120 men, on an average, 
in the employ of the Topographic Branch, of which number 
68 men were of the permanent force, engaged in professional 
work, consisting of topographers and assistant topographers, 13 
were field assistants, and the remainder constituted the labor­ 
ing force, such as cooks, drivers, and signal builders. During 
the winter there were 65 men employed, on an average.

SURVEYS IN THE INDIAN TEBKITOBY.

In addition to the regular work of the fiscal year, the Geo­ 
logical Survey was charged in March, 1895, with the duty of 
executing certain subdivision surveys of the lands of the Indian 
Territory. Although this work was not undertaken until the 
fiscal year was well advanced, the authority and plans therefor 
are here set forth

In the Indian appropriation act for the fiscal year 1895 96, 
approved March 2, 1895, it was provided that the Secretary 
of the Interior might, in his discretion, direct that the surveys 
for the subdivision of the lands of the Indian Territory be 
made under the supervision of the Director of the Geological 
Survey by persons employed by or under him for that purpose. 
Under instructions from the Secretary, the Director of the Sur­ 
vey assumed charge of this work on March 13, and submitted 
on the same date a plan for its execution in conformity with 
the statute. The plan, which was at once approved by the 
Secretary, is as follows:

J*'OR SUKYKTil I!V THE INDIAN TERRITORY 

WORK TO BK DONE

The total area of the Territory, excluding the Chickasaw 
Nation, which is already surveyed, is estimated to be 23,550 
square miles, or 654 townships. The survey of this area 
involves the running of 1,920 miles of standard lines, which 
are to be run at every four townships or 24 miles, 7,000 miles, 
more or less, of township exteriors in addition to the above, 
and 38,000 miles, more or less, of subdivision lines, a total of 
nearly 47,000 linear miles.
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Assuming that the appropriation of $200,000 is intended to 
provide for a survey of one-half the area, there is to be sur­ 
veyed under it a total of 23,500 linear miles, including 1,000 
miles of standard lines, 3,500 miles of township exteriors in 
addition to the above, and 19,000 miles of subdivision lines, 
besides providing for the office work, including the preparation 
of plats and the copying of field notes

METHOD OP DOING THE WORK.

It is proposed to survey all township exterior and standard 
lines, a total of 4,500 miles, by men who are experienced in 
that kind of work, who are now connected with the United 
States Geological Survey. This will probably require four" 
parties, each of which will consist, besides the surveyor, of a 
rodman, two chaimnen, one or two cornermen, a cook, and a 
driver; and in the case of the standard lines, two additional 
chainmen and one additional rodman, since these lines must 
be double-chained. These parties will live in camp and will be 
provided with facilities for moving camp frequently. The 
surveyors will not only run and locate the lines, but will make 
profiles of them by vertical angles.

The subdivision of the townships will be done by men of 
experience in that class of surveying, who will be hired tem­ 
porarily for that purpose. The subdivision parties will consist, 
besides the surveyor, of a rodman, two chainmen, and one or 
two cornermen. They will be provided with camp outfits and 
animals for carrying the surveying corps to and from their 
work, but will, as a rule, hire the facilities for moving camp, 
inasmuch as they will move camp infrequently. At least 
twelve such subdivision parties, and very likely more, will be 
found necessary, and they will, if practicable, be grouped, two, 
three, or four parties in one camp. Each such group of sub­ 
division parties will be placed in charge of a topographer of 
this office, who will measure elevations in the interior of the 
townships, resting his measurements upon the heights deter­ 
mined on the township exteriors, and who will sketch the 
topography. He will have control of the surveyors who are 
making the subdivisions and will superintend their work. A
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thorough examination will be made of every township monu­ 
ment, as the topographer must occupy every corner in making 
his map.

LOCALITIES OF WORK

It is proposed to commence work in the western portion 
of the Choctaw Nation by extending eastward the base-line of 
the Chickasaw Nation, to establish a new principal meridian on 
or near the eastern line of range 8 east, and to build up on 
these lines a system of surveys which will be consistent with 
those of the Chickasaw Nation so far as the latter may be 
accurate and correct, but will not conform to any irregularities 
which may exist in those surveys. The plan of work will of 
course conform to the requirements of the General Land Office, 
as specified in its manual.

It is proposed to survey first the western half of the Choc­ 
taw Nation, working generally from the west northward and 
eastward and extending the work into the Creek, Cherokee, 
and Seminole country as far as time and money will permit.

OOT1CK WORK

For the drawing of plats and the making of fair copies of 
field notes, it is proposed to employ draftsmen and clerks 
in the office in Washington. Rough plats of the township 
exteriors and of subdivisions, and the original field notes, will 
be prepared in the field and forwarded to this office for the 
preparation of these copies

FIELD WORK

It is proposed to send parties to the field as soon as the 
necessary arrangements in Washington can be made, the 
expectation being that field work can be commenced by the 
1st of April upon the standard lines; that as soon as a block 
of townships has been outlined, the work of surveying town­ 
ship exteriors will be commenced, and that as soon as the 
exteriors of such a block have been surveyed the subdivision 
parties will be organized and the work of subdivision taken 
up. It will be entirely feasible to continue field work until 
the end of November, and if necessary it can be continued
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through the winter, although the shortness of the days will 
render it less economical than to work in summer.

It is proposed to put two triangnlation parties in the field, 
with a view to carrying over the entire area a system of pri­ 
mary triangulation, permanently marked, and connecting the 
points in this primary triangulation with township corners, 
some corner of each township to be connected with a primary 
triangulation point. The purpose of this is, first, to serve as a 
check upon the accuracy of the woi'k, and, second, to furnish 
permanent points from which corners may be recovered in 
case the marks should be lost These parties will measure 
a base on the Missouri, Kansas, and Texas Railway, and 
expansion will be carried eastward, northward, and southward 
therefrom

The triangulation Avill, as stated above, serve the purpose 
of an examination of all exterior lines, and the topographers 
who prepare the topographic map will, in the course of their 
duties, thoroughly examine the subdivision work.

For outfitting these parties there are available thirteen ani 
mals near Austin, Tex., and eight near Marfa, Tex., with camp 
equipage; these can be shipped to the outfitting point in the 
Choctaw Nation. In the north there are, at Rapid City, S. 
Dak, fifteen animals, and in central Nebraska six animals, 
with large amounts of camp equipage, which can also be trans­ 
ported, making a total of forty-two animals and camp equipage, 
which will be sufficient for at least half a dozen parties.

For outfitting the remaining parties, it is suggested that ani­ 
mals and camp equipage be purchased rather than hired, inas­ 
much as they will in all probability be used throughout two 
long seasons, and the expense of hiring will probably be 
greater than that of purchasing.

EMPLOYEES

The general charge of the work will be in the hands of the 
chief topographer of the Survey, Mr. Henry Grannett. As he 
has many other duties to perform, and will therefore be unable 
to give the close personal attention to the details of this work 
which is necessary, it will be needful to have a division chief
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in immediate charge, who shall have a knowledge of triangula- 
tion, topography, and Land Office surveys, and in whom im­ 
plicit confidence can be placed. The only person possessing 
these qualifications with whom I am acquainted is Mr. Charles 
H. Fitch. The duty of such division chief will be to take 
immediate charge of all the work and see that it is done in 
conformity with the laws governing land surveys and the gen­ 
eral regulations governing topographic surveys.

The men employed as surveyors on subdivision work should 
be men experienced in this class of surveying, and I have had 
full assurance that such men can be obtained for from $100 to 
$125 per month, to be hired at the outfitting point and dis­ 
charged at the same point immediately upon the completion 
of the work for which engaged; the assistants, such as rodmen, 
chainmen, cornermen, and general campmen, to be employed 
under the existing regulations governing the employment of 
such men in the Geological Survey. Such men can be hired 
at from $30 to $35 per mouth, being- taken up at the out­ 
fitting point and discharged under the same conditions as the 
subdivision surveyors are

INSPECTION

The subdivision surveys will be made by parties working 
in advance of the topographer who has them immediately 
in charge. The exterior lines will be connected with stations 
in a primary triangiilation carried on independently, and the 
topographer will visit every section corner while making his 
topographic map, thus inspecting every comer with relation 
to the marking thereof on the ground by stakes, pits, etc. 
Moreover, he will be working directly in connection with the 
surveyors and will be able to inspect their notes at night and 
to keep informed as to their methods of work.

WOKK ACCOMPLISHED TO JUKE SO, 18'JS

Under the plans above outlined, work was begun in the 
Territory in April. Two parties were organized for primary 
triangulation, in charge, respectively, of Messrs. S. S. Gannett 
and C. F. Urquhart. The position of a point in the village of 
Savanna was determined by astronomic means as the initial
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point, a base-line was measured on a tangent of the railroad 
in the immediate neighborhood of this village, and expansion 
was effected. Work was prosecuted so rapidly that by the 
end of June the entire western part of the Choctaw Nation, 
that is, that part lying west of longitude 95° 30', was con­ 
trolled. Twenty-four stations had been selected, signals 
erected upon them, and the observations completed

During April four additional parties were placed in the 
field, two of them, in charge, respectively, of Messrs. Georg'e 
T Hawkins and W. J. Peters, for the purpose of running 
standard lines, and two, in charge, respectively, of Messrs. 
H L. Baldwin, jr, and R. 0. Gordon, for running township 
exteriors Up to the close of June, the standard-line parties 
had run a total of, approximately, 275 miles, and the township 
exterior parties of 230 miles.

During the month of May eight surveyors were employed 
for the purpose of subdividing townships. These were 
grouped in four parties, the heads of which were Messrs. 
Van H. Manning, D. C. Harrison, R. M. Towson, and R. A. 
Farmer, topographers, who had been selected from the per­ 
manent force of the office for the purpose of supervising the 
work of the surveyors and preparing contour maps of the 
townships surveyed. By July 1 these parties had subdivided 
fourteen full townships and four fractional townships, being 
the equivalent of sixteen full townships. These involved the 
running of 960 miles of line The total output of mileage to 
July 1 of twelve surveyors engaged in line work was 1,465 
miles.

In the latter part of June two additional parties for running 
township exteriors, in charge, respectively, of Messrs. R. A. 
Farmer and Jeremiah Ahern, were organized, and eight 
additional surveyors were employed for subdivisional work, 
outfitted, and placed in the field. At the close of the month 
these additional parties were just commencing work. The diffi­ 
culties of organizing a new large survey ha,ve been overcome, 
and it is anticipated that the work will be pushed forward 
during the summer and fall, and, it may be, throughout 
the winter if the weather is favorable
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PUBLICATION BRANCH 

DIVISION OF 1LLTTSTKATIONS.

The Division of Illustrations has been, as in previous years, 
under charge of Mr De Lancey W. Grill, assisted by Messrs. 
John L. Kidgway, Daniel W. Cronin, H. Hobart Nichols, 
F. W. von Dachenhausen, H. Chadwick Hunter, and Wells M. 
Sawyer. Miss Frances Wieser was employed a portion of the 
time on special work. Mr. Daniel P. O'Hare resigned, and Mr. 
Joseph H. Wheat was transferred to the Topographic Branch. 
Both of these men were engaged during part of the year on 
miscellaneous geologic work.

Mr. Bidgway assisted Mr. Grill during the year in the gen­ 
eral work of the division, and also made many paleontologic 
and lithologic drawings. He completed a series of colored 
plates of stratified and brecciated rocks that are a departure 
in this line of illustration, and which will prove most valu­ 
able as realistic illustrations. ' Mr. Cronin was engaged in the 
preparation of geologic maps and sections; Mr. Nichols, in 
the preparation of geologic landscapes and the retouching of 
photographs; Mr. von Dachenhausen and Mr Hunter, in 
the making of paleontologic drawings; Mr. Sawyer, in the 
preparation of geologic sections, the classification of engraved 
rocks, and the examination of lithographic proofs.

Drawings to the number of 1,604 were prepared by the 
draftsmen during the year. Engraved proofs of 579 drawings 
have been received from the Public Printer and examined 
The full editions of all chromolithographs used in the Survey 
publications were examined by Mr. Gill at the Government 
Printing Office. The illustrations for two annual reports, two 
monographs, and six bulletins were prepared and transmitted 
to the Public Printer. These illustrations were classified for 
engraving as follows: Chromolithography, 61; lithography, 
21; half-tone engraving, 152; photoengraving, 198.

This division examines and corrects all proofs, and keeps 
complete records of all drawings and proofs transmitted to 
and from the Government Printing Office.
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THE PHOTOGRAPHIC LABORATORY

The photographic laboratory, as in previous years, has been 
under the supervision of Mr. J. K. Hillers, assisted by Messrs. 
Charles C. Jones, John Erbach, and Charles A. Ross.

In connection with the preparation of the Department of the 
Interior exhibit at the Cotton States and International Expo­ 
sition, at Atlanta, Mr Hillers spent two months in the States 
of North Carolina, Tennessee, Georgia, and Florida, taking 
photographic views. More than one hundred fine negatives 
of subjects illustrating the mineral resources and industries 
of the Southern States were obtained. The following is a 
summary of the work done in the laboratory during the year:

Photographic negatives and prinia mwle during 1894-95.

Negatives

Sue

°8 by 34

22 by 28............ ..
20 by 24 ...............
14 by 17 ..............
11 bv 14...... ..........
8 by 10 ..............
6 by 8...... .........

5by 8...............
4 by 5...............

Number

64
41

351
91

121
358
167
229
284

Prints

Si?e

28 by 34........... .....
22 by 28....... ... .....

20 by 24. ...............
14 by 17........... .....
11 by 14..... ..... .....
8 by 10..... .... .....
6 by 8. .......... .....

5 by 8. ................
4 by 5....... ..... ....

lumber

273
160

2, 165
3!12

1,373
750

1 955

547
1,615

EDITORIAL DIVISION.

T15XTUAL PUBLICATIONS

Mr. W. A. Croffut remained in charge of the general editing1 
of the publications of the Survey until September 15, when 
Mr. P. C. Warman was detailed to take charge of the work. 
Assistance in this work was rendered throughout the year by 
Mr. George M Wood, and for a portion of the time by Miss 
A. B. Dawson. The work progressed satisfactorily and was 
well in hand at the close of the fiscal year. Following is a 
condensed statement of the manuscripts and proofs read and 
corrected during the year-
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Manuscript read during the year 1894-95.
Pages 

Fifteenth Aunual Eepoi t .... .... .... .... .................. ..... ..... 1,413
Sixteenth Annual Repo t (in pait) ...... .......... ............... ..... 1,864
MonographXXV ..... . ... ........ .... .......... .. . .... ..... 862
Monograph XXVI...... ........................... ........ ... 260
Two unnumbered monographs (Emerson, Stone), in part .... . .... 750
Bulletins 125,126,127,128,129,130,131, and three unnumbered bulletins (Bas-

com, Hay,Todd) .................... ................... ......... ....... 2,439
Text for geologic folios 4, 8,10,11,12,14,15,16, and for two unnumbered folios

(Stevenson, Knoxvillp) ..... ......... ... .... .. .......... .......... 400

Proof read during the year 1894-95.

Fourteenth Annual Report, Parts I and II 
Fifteenth Annual Report.
Sixteenth Annual Report, portions of Parts II, III, and IV. 
Monograph XXV.
Bulletins 119,120,121,122, 123,124,125,127 (m part), 128, 129 
Geologic folios 4, 8, 10,11,12,14,15,16, aud one unnumbered folio (Marvsville) 

Total proof read, 1,817 galleys, 8,133 pages

The publications received from the Public Printer during 
the year are listed on p. 85

GEOLOGIC MAPS

The work of editing the geologic maps was formerly done 
entirely by Mr. Bailey Willis, but owing to the increase of 
work and the necessity of preparing perfect copy for the" 
engraver from the sketch drawings furnished by the geolo­ 
gists, the services of a draftsman especially familiar with 
geologic work were required. This need was met by the 
appointment in August of Mr. O. A. Ljungstedt; and, in Jan­ 
uary following Mr. Gr. W. Stose, assistant geologist, was 
appointed to assist Mr. Willis in the preparation of original 
maps and in proof reading The textual descriptions of the 
sheets were edited by Mr. Willis and Mr. Warm an conjointly.
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Following is a tabulated statement of the present condition 
of publication of the Geologic Atlas:

Geologic folios ready for distribution.

No

1

2

3

h

7
8

9

10

11

151

13

14

Name of sheet

Pikes Peak
Sewanee ...... -. -

Butte

Jackson

1

Fredenctaburg . t

State

Tennessee--....

Virginia ... . . "1
West Virginia. >
Maryland . . . . - j

Virginia ... . . "1

Tennessee .... -j
Maryland - . . . } 
Virginia . . . S
Virginia .... 7
WestViigmia -S

Limiting me­ 
ridians

1050 1050 30'
85° 30'-86°

106° 45' 107° 15'

77° 30'-78°

120° 30' 121°

770-770 30'

79°-79° 30'

Limiting par­ 
allels

340 30' 35°

38° c)0'-39°

35°-35° 30'

38° 45' 39°

390-390 30'

38°-38° 30'

38°-iJ8° 30'

Area in 
square 
miles

980

932

932

975

975

465

925

938

957

938

938

Price m 
cents

25

25

25
25
25
25
25
25
50

25

25

25

25

25

Geologic folios in press.

No

15 

1C

17

18

19

20

Name of sheet

Lassen Peak. .. ...

State

California . . 
Tennessee . . i
North Carolina }

. do ...... . .

Alabama .- . 1

Tennessee - - J

Limiting me­ 
ridians

121°-122°

Limiting par 
allels

40°-41°

390-39 3 30
390-390 3Q'

340 30'-35°

35° 35^ 30'

Area in 
square 
miles

-- - --

Prif H in 
cents

......

There is in course of printing, also, a special map of the 
Cripple Creek mining district of Colorado, which will form a 
part of the Pikes Peak folio, mentioned above. 

16 GEOL, PT 1  6
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Geologic folios in process of engraving.

No Name of sheet

Greeneville ... - - $

State

Virginia \
West Virginia -> 
Tennessee i 
North Carolina 5

Limiting me 
ridians

840.840 30'

111° 1120

81°-8l° 30'

82° 30'-83°

Limiting par 
allels

370.370 30'

360-360 30-

Area in 
Hquare 
railed

- -- --

Price in 
c( nts

.. ....

There is in preparation also a special folio of the Nevada 
City miuing district, California, which will contain three 
maps the Banner Hill, Grass Valley, and Nevada City.

An important question considered during the autumn of 
1894 related to the scale of publication of maps in the Geo­ 
logic Atlas in the case of States which, like Maryland and 
those of New England, have been surveyed on the scale of 1 
mile to the inch. It having been shown that there can be 
much speedier publication, a saving of many thousands of 
dollars, and no corresponding loss of scientific or educational 
value in publishing on a scale of 2 miles to the inch, this scale 
has been adopted for the Geologic Atlas, except in special cases.

The question of the plan of distribution of the geologic 
folios of the Survey was referred during the year to a special 
committee named for the purpose, consisting of Messrs. Gil­ 
bert, Emmons, and Willis. The report of this committee was 
approved by the Director, and the editor of geologic maps 
was charged with the duty of directing the distribution under 
the rules laid down.

TOPOGRAPHIC MAPS

Formerly the manuscript maps, as prepared by the Topo­ 
graphic Branch, were approved and sent to the engraver with­ 
out special editorial examination or revision. These manu­ 
scripts, produced by many men working independently, were 
unequal in character and quality, and it was decided to refer 
to an editor of topographic maps every topographic manu­ 
script submitted for publication. Mr. Marcus Baker was 
assigned to this position. The work was made to cover not 
only the new maps, but all the old ones when a revision is to
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be made for the purpose of printing a new edition or when 
any sheet is to be prepared for use as a topographic base for 
the maps of one of the geologic folios. But few of the 900 
topographic atlas sheets engraved by the Survey have had 
the form or application of the geographic names upon them 
authoritatively established. To bring about uniformity in this 
respect is one of the duties of the editor of topographic maps. 
The accumulated work having been found too great for Mr. 
Baker to dispose of, Mr. H. W. Elmore, of the Division of 
Engraving and Printing, was transferred December 1 to assist 
in the detail of proof reading.

During the year the manuscripts of 125 new sheets have 
been critically examined and approved for engraving. Proofs, 
usually two, but occasionally three, have been read of 41 new 
sheets. Old sheets to the number of 91 have been revised, 
corrected, and the correction proof read. All known correc­ 
tion material has been collected and systematically arranged. 
It is believed that a steady improvement in the quality of 
the maps has been and will continue to be the result of this 
editorial work.

As secretary of the United States Board on Geographic 
Names, Mr. Baker has served continuously in connection with 
the work of that Board, a work intimately related to his duties 
in the Survey.

DIVISION OP ENGRAVING AMD PRINTING.

Mr. S. J. Kubel continued in charge of this division as chief 
engraver, assisted by Mr. Henry C. Evans, foreman of the 
copperplate engravers; Mr. Robert H. Payne, in charge of the 
transferring to stone; Mr. Joseph Eckert, superintendent of 
the work of the lithographic power presses; and Mr. Schlei- 
chert, in charge of all stone work.

During the year almost the entire time of the employees of 
this division was devoted to the engraving and printing of 
geologic folios and topographic atlas sheets. No contracts for 
engraving were made, as it was decided to have all engraving 
for the Survey done in this division, and six engravers were 
added to the force already employed.
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Under this new organization better control, a higher stand­ 
ard of excellence, greater unifoi-mity in execution, and cheaper 
and prompter output of work followed.

Engraving of topographic sheets. New sheets to the number 
of 49 were engraved, distributed by States as follows- New 
York, 25-, Florida, 6; Nebraska, 5; New Hampshire, 2; Colo­ 
rado, 2, and 1 each in Washington, Louisiana, Michigan, West 
Virginia and Tennessee, Maryland and Virginia, Pennsyl­ 
vania, Wisconsin, and Oklahoma Territory. In addition to 
the preceding, there are 1G partially engraved sheets in the 
hands of the engraver, upon which work is well advanced.

Engraving of geologic folios  The following-named geologic 
folios were engraved: Anthracite and Crested Butte, Colo.; 
Lassen Peak, Cal.; Jackson, Cal.; Estillville, Kentucky- 
Virginia-Tennessee; Sewanee, Tenn.; Knoxville, Teun.; Chat­ 
tanooga, Term.; Harpers Ferry, Virginia-Maryland-West 
Virginia-, Staunton, Virginia-West Virginia.

The following are in hand and well advanced: Fredericks- 
burg, Va.; Pikes Peak, Colo.; Marysville, Cal; Stevenson, 
Teun

Others in preparation are as follows: Smartsville, Cal.; 
Cleveland, Tenn.; Three Forks, Mont.; Loudon, Tenn.; 
Nevada City, Cal.; Grass Valley, Cal.; Banner Hill, Cal ; 
Yellowstone Park; McMinnville, Tenn.; Morristown, Tenn.; 
Cranberry, Tennessee-North Carolina; Briceville, Tenn.-, 
Pikeville, Tenn.; Pocahontas, Vii-ginia-West Virginia; Pied­ 
mont, Mary land-West Virginia; Nomini, Maryland-Virginia; 
Washington, D. C ; Holyoke, Mass.

Completed work was delivered as follows: Atlas sheets, 
119,927 copies; geologic folios, 34,699 copies.

ADMINISTRATIVE BRANCH. 

DIVISION OF DOCUMENTS, COBEESPONDENCE, AND EECOKDS.

This division is in general charge of the chief clerk, Col. 
H. C Rizer, the custody and distribution of the public docu­ 
ments being under the immediate charge of Dr. W. D. Wirt, 
and the files and records of correspondence and appointments 
under the immediate charge of Mr J. E, Walsh.
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DOCUMENTS AND STATIONERY.

The handling of the documents has necessitated a heavy 
correspondence and has required the full energies of the small 
force employed "in the work. The distribution of the surplus 
copies of the office editions of the topographic sheets has been 
of advantage to many personal and public enterprises, as is 
made manifest by the tenor of the letters requesting these 
sheets and the reports that come in subsequently of the prac­ 
tical uses to which they have been put The publication.by 
Messrs. Dodd, Mead & Co. of a pamphlet on The Use of 
Governmental Maps in Schools has had a wide and strong 
influence in the educational centers of the country, and has 
created a large demand for the maps. Owing to the fact that 
the editions are limited, however, only the higher-grade 
schools and the colleges have received the maps. In the sun­ 
dry civil act approved March 2, 1895, authority is granted to 
sell topographic maps and text at cost and 10 per cent added. 
Under this authority topographic folios containing a series of 
maps will be prepared for sale.

A tabulated statement of public documents received and 
distributed during the year follows:

Publications received at the Survey document rooms during 1894-95.

Thirteenth Annual Report, Part III 
Fourteenth Annual Repoit, Parts I

II, and separates 
Monographs XXIII and XXIV.

and
Bulletins 118, 120,121,122,125, and 129. 
Mineral Resources 1893, and separates. 
Geologic folios 2, 3,4,5,6, 7, 8, 9,10,11,12, 

and 14

Publications distributed during Ihe year 1894-95.

Volumes ...................................... ........................... 89,733
Folios ....................................... ............................ 10,564

.................................................................. 86,974

Total............................................................... 187,271
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Sales of publications during the year 1894-95.

Month.

July .........

Total...

Mono 
graphs

$45. 65

7 60

19.50

453. 05

133. 90
63 75
60 30
52 05
60 80
29.10
41.45
7.35

974 50

Bulletins

$19. 55
17.80
15.35
21.70
47.10
28.25
66.95
68.30
28.05
23.15
13 10
13 30

362 60

Mineral 
Resources

$35. 50

213.50

133 10
53.30

124. 00
74.10
31 40
22.50
12 90
30.50
4.00
5.00

739 80

Folios

$8 50
10 75
15 25
22.75
29.00

86.25

Maps

$7 50

10 00

17 50

Total

4>-f nn rjf\

OOQ on

167. 95
528. 05
305.00
166. 10
158. 65
151. 35
120 00

Q8 00

81 30
64.65

2, 180. 65

In addition to the public documents, Dr. Wirt has charge of 
the stationery supplies, and the drawing and filling of requi­ 
sitions for these consumes much time. During the year 
240 requisitions were sent to the Department and 3,104 office 
requisitions were filled. Letters received, 21,322; letters sent, 
19,931.

CORRESPONDENCE AND RECORDS.

The register of general correspondence for the year, in charge 
of Mr. Walsh, shows that 3,720 letters were briefed, indexed, 
and referred to proper divisions or otherwise disposed of. The 
record of letters sent aggregates approximately 2,860 pages of 
type-written matter There has been the customary routine 
work, including the monthly report of all official changes, the 
semimonthly report of leaves of absence granted, and the 
keeping of the time records connected with the latter.

Associated with this division are Dr. W. F. Morsell, stenog­ 
rapher and general assistant to the Director and the chief clerk, 
and Miss Jean F. Kaighn, confidential clerk to the Director.

THE LIBKAKY.

The library was continued under the charge of Mr. Charles 
C. Darwin, who was assisted by Miss Julia L. McCord and Mr 
Harry W. Meredith.
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During the year 1,330 books, 3,560 pamphlets, and 320 
maps were added to the library, increasing the total contents 
in books, pamphlets, and maps to 115,553. The following 
table shows in detail the growth of the library during the year:

Contents of the library, June 30,1895. 

BOOKS
On hand June 30, 1894  

Received by exchange................................... 24,405
Received by purchase................................... 10, 265

     34, 670 
Received during the past year

By exchange............................................ 1,153
By purchase ................ ............................ 177

     1,330
     36,000

PAMPHLETS.

On hand June 30,1894  
Received by exchange............._--.-.....--.......... 44,259
Received by purchase .................................. 5, 379

     49,638 
Received during the past year

By exchange............................................ 3, 320
By purchase ............................................ 240

  -   53,198 
MAPS

Geologic and topographic maps.
On hand June 30,1894 ........................................ 26,035
Received during the year....................................... 320

     26,355

Total number of books, pamphlets, an d maps..-.......-.--........-. 115,553

These accessions have all been catalogued under author 
entry. The average of circulation has continued, and the 
number of books consulted at the reading tables has greatly 
increased.

Owing to the crowded condition of the shelves, it has been 
necessary to place certain classes of books in rooms remote 
from the library, and for the same reason it has not been pos­ 
sible to properly classify the new accessions. To obviate this 
difficulty for the present, the Director has had the partition 
between the library and his private office removed, so as to 
add the latter to the library room. The cases put up in this 
addition afford space capable of shelving 14,700 books. This 
will make it possible to arrange accessibly the books now stored 
elsewhere, and to rearrange the books now on shelves in 
crowded spaces.
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As a result of exchange, 2,473 books and pamphlets were 
received during the year. The distribution by exchange 
during the year is detailed in the following table.

Distribution of publications by exchange.

Twelfth Annual Report. . ....
Thirteenth Annual Report. ..
Fourteenth Annual Report. ..
Bulletin 97...... ...........
Bulletin 98........-.-.- ...
Bulletin 99..-.....,---.....
Bulletin 100.... ........... .
Bulletin 101...... ...........
Bulletin 102. ... ............
Bulletin 103.... .............
Bulletin 104.................
Bulletin 105.................
Bulletin 106 ................
Bulletin 107.. ...............
Bulletin 108...... ...........
Bulletin 109.... .............
Bulletin 110........... ......
Bulletin 111.................
Bulletin 112.................

Volumes
.... 3,230
.... 4,845
.... 3,238

950
. . . . 950

950
950
950
950

. . . . 950

. . . . 950

. . . . 950
950

. . . . 950
950
950
950

. . . . 950
950

Bulletin 113............. ..
Bulletin 114............ ..
Bulletin 115 ............ ..
Bulletin 116....... ........
Bulletin 117...............
Bulletin 118........ .. ...
Bulletin 119......... . ...
Bulletin 130 ..... .......
Bulletin 121............ ..
Bulletin 122.... ...........
Monograph XIX..... .....
Monograph XXI....... ...
Monograph XXII.... .....
Monograph XXIII. ... ...
Monograph XXIV .........
Mineral Resources for 1892. 
Mineral Resources for 1893.

Volumes. 
950 
950 
950 
950 
950 
950 
950 
950 
950 
950 
950 
950 
950 
950 
950 
950 
950

Total ............. ...... 42,663

The exchange list of the Survey prepared in 1883 has been 
materially changed from time to time on account of death 
of individuals, etc., until its reconstruction became necessary. 
During the year a greatly enlarged and practically new list, 
which embodies the results of ten years of correspondence, 
has been prepared, and is now ready for the printer.

It is not practicable to state in tables as statistics the work 
done in a library. The function of the library is to furnish 
books, pamphlets, and maps to the working force of the Sur­ 
vey, and also to assist in verifying imperfect references, finding 
papers, identifying authors, and attending to requests for infor­ 
mation and facts which come to it from within and without the 
Survey.

DIVISION OP DISBURSEMENTS AND ACCOUNTS.

This division is still in charge of Mr. John D. McChesney, 
who as chief disbursing clerk has served the Geological Sur­ 
vey so faithfully and so well from the date of its organization 
until the present time. Summarized and detailed statements 
of disbursements follow.
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FINANCIAL STATEMENT

Amounts appropriated for and expended by the United States Geological Survey, for the 
fiscal year ended June 30, 1S95.

Appropriation foi fiscal jear, 1895 Oomt, reso 
lution approved J une 29, 1894 , acts approved 
July 31, 1894, August 18, 1894, Januaiy 25, 
1895 , March 2, 1895, and ft om other sources) .

Amounts expended, classified as follows

C Transportation of property

S Matenpl for engraving and printing geo

T Bonded railioad accounts

Freight........ . ......... ... .. ...

Total expenditures. . .............

Probable amount required to meet outstand

Expenses, 
Geological 

Survey

$359,600 00

20,190 11
3,481 85

4 199 88
679 30
61 60

18,237 87
27,635 12

3 758 29
790 00

1 629 97
1,257 61
I ^Qfi 9fi

1,873 27
540 05

347,835 16

11 764 84

11, 764 84

Engraving 
and print 

ing the 
geological 

maps ot 
the United 

States

$65,199 90

38 971 84

18 48

58,754 08

6,445 82

Salaries, 
office of 

Geological 
Surrey

$31,634 57

.....

31,601 27

Total

$456,434 47

329, 438 78

3, 500 33 
647 20

4, 190 88

27, 635 12
1,244 41
3,758 29

700 00

1,257 61
1,598 26
1, 144 70

19, 698 26

1,873 27
540 05

438,190 51

18,243 96

ANALYSIS OF DISBURSEMENTS

Under tlie following heads appear the total expenditures under the vaiious appro­ 
priations :

1. Salaries, office of Geological Survey................... ............. $31,601.27
2 Salaries of scientific assistants................... .................. 29,90000
3 Skilled laborers and various temporary employees .................. 12,997.28
4 Topography................................. I...................... 149, 376.94
5 Geology........................ .................................... 93,089 73
6 Paleontology....................................................... 9, 413.78
7 Chemical and physical researches........ .............. ........... 6,899.59
8 Preparation of illustrations. ........................ ..... ........ 12,99174
9 Mineral Resources of the United States ................... ........ 16, 757 74

10 Books for library, etc.............................. ................. 1,298 48
11 Gauging streams, etc................... .... ...................... 10,910.00
12 Rent of office rooms ............................................... 4,199 88
13. Engraving and printing geological maps of the United States .. ... 58,754 08

Total........................................................ ....1387190 51
RECAPITUI ATION

Appropriation fiscal year ending June 30, 1895, 
and from other sources ..... ..... ..... .

Expended as per detailed statement herewith . 
Bonded railroad accounts settled at United 

States Treasury . . .. ...... .... ...

Balance on hand July 1, 1895 .. ..... ..

Expenses 
Geological 

Survey

$359, 600 00

345,421 84 

2,413 32

11,764 84

Engraving 
and print­ 

ing the 
geological 
maps of 

the United 
States

$65, 199 90

58, 754 08

6,445 82

Salaries 
office of 

Geological 
Survey

$31,634 57

31,601 27

33 30

Total

$456,434 47

435,777 19 

2,413 32

18,243 96
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DETAILED STATEMENT OF EXPENDITURES.

Abstract of disbursements made by John D. MeGhesney, chief disbursing clerk, United 
States Geological Survey, from July 1, 1894, to June SO, 1895.

SALARIES, OFFICE OF GEOLOGICAL SURVEY

Date 
oi pay­ 
ment

1894 
July 31 

31
Aug 31

30 
Oit 31
Nov. 30 
Dec 31

1895 
Jan 31
Feb 28
Mar 31

01

30
May 31
JuueSO

No of 
voucher

1 
2
1

2 
1
1

1

1
2
1
2
1
1

To whom pjjd

R T Hill .. ..... ........ ..

Pay roll of employees .... .

... do.... ... ..... - ... ... 

.....do...... . ..... . .. .-

... do ........... .......... .

... do ... ............ ..... ..

H C Rizer . .. .. ........ ...

.... do ...... ............ . ..

Total...... ..... ..........

For what paid

Services, July, 1894 .......... ....

Services, Sept , 1894 .... - ....

Services, Nov , 1894 ...............

Services, June, 1895 ...... . .

Amount

$252 70 
2, 64ii 60

4 uq

2,555 32 
2,643 60
8, 560 30 
2, 643 60

2,441 70

2, 664 02
185 40

2, 672 DO
2, 587 31)

31,001 27

ENGRAVING- AND PRINTING THE GEOLOGICAL MAPS OF THE UNTTED STATUS

1894 
July 19 

19
31 
31
Q1

31
31
O I

31
01

OI

31

10

1ft
1ft

31
31 
31
OI

Sept 12 
15
15
21
'in

29
29

n

g

10
10
10
10
10
12
15

20
27
29 
31
OI

Nov 14
14

1 
2
3 
4 
5
6
7

g
10
11
12

1
i!

5
0
7

1 
2

4
5

7
1

5
6
7
g

g
10
11
12
13
14
15

17

2

C &. TV PyleCo . . .... .....

James C Pritchard ... 
Pay roll of employees . ......

... .do . ... .. .... .

The Celluloid Co .. ... ........
/ D Gilmjn......... .... ...
S.J Kubcl ..... . .. . 
l',»y roll of employees ....

R Hoe & Co .. ..... .. .......

J B Parks ..... ..... .. ... ..

.... do ...... ........ ............ 
Payroll ... ......... -. . ...

M Siebold .. .... -.-. --

Engravers' supplies .......

Services, July 1 13, 1894 . . ... 
Services, Julj, 1894 .- .. . ....

. do...... .. ...... .. ... ..
.. .do . ... .. ..... .
.. do ... ............ ... ......
.. do ............ ... . .

... do . ... .. .. ... ......
.. do.. ... .. ... . .
.. do ..... . ...... ... .......
.. do ..... .. .... ..... . .-
.. do ...... .. . ... .. . -
. do ... .. ... ...... ..

... do......... ..... ... .....
Traveling expenses . ... 
Services, Ang , 1894 . . - - - - -

Dampenlng-rollers - .... ....

do ...... ..... ..... ..

.. do .. ... . ... .. ...

.«.. do ... ..... .. ....... -- ..

.. .do -- ............... - - -

... do .......... ..... .... - ...
Type ........... .......... .....

.. do ... .- - -- ..... --

... -do ... - ...... ....

.. do ...... .... . .. ....

$27 93 
48 50
35 70 

2,183 00 
10 20

210 00
5 00

14 42

<i 00
13 85
3 90

80 00
5 20

24 64
85 00
23 27
25 90 

1, 349 78 
1,343 50

41 55 
168 00

11 48
5 27

728 78

1, 306 65
5 38

39 01
ii4 59
32 97
25 00

288 00
1 40

25
2 50
3 35

12 50
1 08

14 00
10 12

2 76 
1, 357 90
1,407 15

44 19
19 58
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Abstract of disbursements made T>y John D. McChesney, chief disbursing cleric, United 
States Geological Survey, etc. Continued

ENGKAVING AND PRINTING THE GEOLOGICAL MAPS, ETC  Continued

Date 
of pay­ 
ment

1894 
Nov 15

15 
15
17
9H
22
tin

24
28 
28

7

g
14
12

21
9Q

38
29
29

1895 
Jan 9

15
15

16
16

22 
22 
25

31
31
31
31

Feb 2
g
8 
8 
8

14

14
14

14

18

23
23
28 
28
28
28

Mar. 6
6 
6 
6
e

14
14
14
31
21

No of 
voucher

3
4

0
7

10
11

3
4
5
6
7
8
n

11

i
2
3

5
6
7 
8

10 
11 
12

U
15
16
17
18

1
2
3
4 
5

6

8
9

10

13
U

16
17

19
20
21
22

2 
3

5

7
8
9

10
11

To whom paid

S J Kubel .- - -- ...... ....

\V C Newton* Co . ........

Pav roll of employees .........

H Hoffa .... ..... - - .... -.

M Siebold ...... ..... ...... ..

Geo F Mnth & Co . . . .....

Thomas W Smith - - ......

Ernest Kubel ..... ..... 
United States Express Co . ....

Pay roll ot employees ...... ....

.. do...... .. - ... .

C &W PvleCo. .... . ........
Electro Light "Engraving Co... 
Louis Gehlert .... - .....

ing Co

Geo P MuthiCo...... ..

Pay roll ot employees ... . . . .

.. .do - - .-.-- - .- - --- .

. do ... . .... -- ... --

U S Electric Lighting Co . 
Charles Helinuth .. ....

Eobert Mayer & Co. ..... .

Melville Liudaav ..... ..

For what paid

Traveling expenses .. ....

.. do ... .... . .... ......
Services, Nov , 1894 . ..... .. 
.. do .... .... . . ....

.. do .... . . .. ... .. ...

.. .do .. .. ..... . .. ..

.. .do ..... .... . .. .. ......

.. do .. ... ... .... .....

.. do .......... ... ..... .

... do .. .. ... .. .... ..

Engra\ era' supplies ....

... do...... .. ... ....... ... .

Engravers' supplies ....

. do...... .... .. ...
Electrotypiug bassos ... - ..... 
Freight charges .... . .. .

Services, Jan., 1895 ..... . .. 
... do. . . ... .... ..
. do .... .... .... .....

Reproducing map .. .. 
Engravers' supplies ...

.. do . ... ...... .. ...

.. do .. .... . . ... ... ....
. do.. ...... . . . ...

.. do .. .... . ... . ..........

.. do .... ......
. do.. ...... ... .... ...
. -do .. ... . .......... ....

. do . . . ... .. ......

. do .. .. ...
Services, Jan and Feb , 1895 ....

.. do .. .. .. .. . .. .... ..
.do . ... .. .. ... ....

Incandescent lamps 
Engravers' supplies ... .....

Heads for lithographic hand 
pi esses

... do ........ . .. ... ..

.. do .... ..... . . .....

Engravers' supplies .... . . ...

Amount

$24 00
16 50
11 00

2 (\K.A 71

26 11
1 79

1, 372 90 
1,388 20

4 20
3 35
n eg

45 95
13,42

12 50

37 44
94 45

1,536 65

7 50
245 43

7 80 
7 20

2 934 59
14 64
27 00 

60

57 12 
1.25 
1 33
5 00

18 40

1, 839 03 
1, 547 30

10 98
140 21

1 50 
65 00

67 41

23 03

103 05
2 82

38 93

5 67
104 27

4 80
.16

209 70 
1, 791 80
1, 548 80

40 50

3 00 
9 00 

12 00
49 50 

9 92
8 50
1 25

12 45

2 81
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Abstract of disbursements made by John D McChesney, chief disbursing clerl, United 
States Geological Suney, etc. Continued

ENGRAVING AND PRINTING THE GEOLOGICAL MAPS ETC  Continued

I)at,n 
of pay­ 
ment

18% 
Mar 25

30
30
30 
30

12

12
12
12

17 
17
17
20
22
24
24
21
24
26
29
29 
30
30
30
30

10

11 
16
18

24 
24
25
31 
31

June 3 
10

10

15
13 
15

15 
19

29
29
30

No of 
voucher

13

15
16
17

3

5
6
7
8 
9

11
12
13

15
16
17
18
19
20
21
22
23

2
3
4 
5
6
7
8 
9

10
11 
12

1
2
3

5
6
1 
8 
9

10 
11
12
13

15 
16

To whom paid.

W A Swan . ... ..... .. . .

E E Jackson & Co . . ... .....

Ernest Kubel...... .....
S J Kubel .. ... . . .. ......
Department of the Interior ....

"Woodward & Lothrop 
M Siebold...... .. ..

S F Ware ..... ... .

L H Schneidei's Son .. .. .. 
do . .. ... ..... . .

.....do ... . ..... .... . .
Wm F Lutz.. ........ . . .. ...

Fuchs &. Lang Manufacturing Co 
S F Ware . ........ ..... ....
"W C Newton & Co...... ..
M Siebold ... .... ...... ....
E E Jackson & Co.....

Pay roll of employees . . . . . 
... .do . . .... ....
Department of tbe Interior ..... 
W A IMte .. ..... ... ... ..
H Hoffa ... .. .. . ..

Geo W Knox's Express . ...... 
Fnphs & .Lane Manufacturing Co 
M Siebold .. ... .. ... .....
Mutual District Messenger Co

Pay roll of employees . ......

Total . ... ..... ..... ..

For what paid

- do .. .. ... . ..... .
Engravers' supplies ....

..do .... .. .

.- -do .. .. .. ........ ..
... do.... . .......... .. .....

Supplies ... ..... 
Freight charges
Engravers' supplies ... . . -

.. do .. .... . . . .......
... do .. ... .. .. ..
..do ........
.. do ........ .. . ... ..

... do ... ..... ...... .. . ..
.- do ...... .... . . ...
..do .....
Cast iron plate -. ... .. .
Engravers' supplies... .. ..

-- do... .. . ... ...........

Lithographic stones ..... ..

. do .... ... ... .. .. . ..
Map cases and dial .... ....

Services, May, 1895 ... . . . . ... 
do .... ..... .... .....

Engravers' supplies - ...... .

. do .. ......... ... ... ...

. do ..... ........ ...... ..
do ................. ... . ..

- do ..... .. ..... .... ..
Fieight chaiges and bauliug. .. 
Engraveis' supplies .. ......

Services, May, 1895 ....... ...

. do........
. do ............ ...

Services June, 1895 
... .do .. ....... .... .... ..

Amount

$'' 24
13 60

1, 758 23
26 85

5 25

245 43

1,013 60 
1 05
7 89

2 60
28 44

75
25 00

21 00
32

. 35 00
22 71 

2 50
1, 924 35

1 50
72

498 12

67 99
8 00

49 00 
245 43

22 00
2,015 40 
2, 072 55

96 75 
1 50

18 70

2 95
25 30

1 08 
91 68 
17 23

8 00 
24 55
20 55

70
1, 952 SO 
1, 874 60

GENERAL EXPENSES OF THE GEOLOGICAL SUKVEY 

JULV, 1894

July 12
31
31

il

31
31
31

2
3

6

8
9

EobertBeall ... - ..... . ... -

H S Wallace. . . -- .... ...

do . .... .. . .... ... ...
.. do .. ...... ... - ...
.. do ... .... .. -.
. do . .. ...... .. ...

Services, July, 1894 ........ ......

do .... ........... .... ..
. -do ... . .... ... .......
.. do .... ..... .... .........
. do . ... .... ... .. ....
....do ... ... .... .. .... ..

134 80

1, 612 30
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Abstract of disbui sements made by John D. McCItesney, thief disbursing clerk, United 
States Geological Suivey, etc. Continued

GENERAL EXPENSES OF THE GEOLOGICAL &URVEY-Continued 

JULY, 1894 Continued

D.\te 
ot p.iy 
meut

31 
Jl
31 
31
31
31 
31 
Jl 
31 
31
01

No of 
voucher

10

12

14 
15

17 
18 
19 
20 
21

To whom paid

no . . .....-_.. 
.. do ... . .. .... .. ..
C C Willard . . .. .....

L P Bush .. .. ...... 
H C Rlzer .... . .... 
John Moore ... . . 
Henry Boftbrd ... . . ..

For what paid

..do ...... . . ... .. 

.. do .... .... ... . .
Rent of office rooms, J uly, 1894. . .

. . do .. ..... ..
Traveling expenses .. ..... 
Publications . ... . . . ... 
Services, July 2-18, 1894 .....

Amount

£393 08
328 50
817 10 
67^ 90
349 99

65 00 
50 50 

8 00 
30 00

AUQUST, 1894

Aug 4
o

8 
9 

14
18
18

21

27
28
31 
30

31
31
31
31
31
31
31
31
31

31
31

31
31

1
2
3
4 
5

7
g

9

11
12
11 
14 
15
16
17
13

21
22

24

26

28
29
30

32

David T Day .. . ...... .

William C Day. ........ .. .. 
Janics G Bovvcn ....... ... 
H M Wilson ...... .. ...... .

S A. 
H M Wilson ......... .... .

1? B boott--.. ..... ...... 
Pennsylvania R K Co ....

C Kirchhoff . ............ .

L P Bush .. .. .........-- - . .

. do ....

.. do .......... .. ......
do .... . .....

.. .do ...... ... . . ..... .
.... do ....... ... .
.. do ....... .. ....
.. do ... . .. ... .... ...
.. do . ..... ...... .. .

Total .. ...... ..... .....

Traveling expenses . . . ...

Services, July, 1894 ... . . 
Hue of transportation . . ....... 
Traveling expenses ..... ...

Traveling expenses ......... ...

Services, Aug, 1894. ... ..... 
Transportation ot assistant ....

.... do ...... .. ... ..... ......

.. do . . .. .... . ...... ....
... do . ...... . - .........
.. do ..... .. .. ... ..... ..
.. do ..... . ...

$40 88

125 00 
16 00 

122 53 
7 00

60 CO
74 39

34 52 
47 00
22 58

50 01) 
13 07

349 99

80 00
65 00

1 044 78

187 19

353 80

867 10

11, 126 04

SEPTEMBER, 1894

Sept 5

5

5 
6 
5 
6

7
7
7

8

1 
2

5 
6
7 
8

10
11

13
14

J H Wheat ....

V B &cott . . - ....

Elizabeth A Balloch ... -. -- 
Victoria Essex .. ..... . 
W H Mornson's Sous ...... 
JohnH Renshawe ..... . 
H M Wilson ... ..... .....
K IT Goode ... ... ..........
.. -do .. ...... .... ... ...

Horsey Monroe . ... .. . ...

Traveling expenses .. . .. ...

. . .do ..... .. .

... -do...... .. ... ... ..
.Services, Ang , 1894 . .... 
Services, Aug 14 to Sept 6 .... 
Publicatious . . .... 
Traveling expenses ....

- do ..... ..... .... .... ..

Field expenses ..... ... .... ...

$5 75 
302 37

39 13

62 50 
40 00 
16 00 
iH 15 

124 50
57 50

34 09
25 70
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Abstract of disbursements made by John D. McChesney, chief disbursing cleric, United 
States Geological Survey, etc. Continued.

GENERAL EXPENSES OF THE GEOLOGICAL SUBVEY Continued 

SEPTEMBEK, 1894 Continued

Date 
of pa> 
mest

Sept 8

10
10
10

10
10
10
12 
12
15 
15
15
15
17
17
17
19
21

21
20

22

22 
22 
24 
24

26

27

29

29
29
29

20

30
30
30
30
30
30
30
30
30
30

30
<!0

60

!No of 
\ ouoher

15
16
17
18
19
20
21
22
23
24 
25
26

28
29
30
31
32
33
34 

35
36
37
38
39
40
41
42
43

45 
46
47 
48 
49

50
51
52
58
54
55
56
57
58
59
60

62
6J
64
65
66
67
68
69
70
71
72
73

75
70
77
78
79
SO
81
09

To whom paid.

C C Bassctt...... .. ........
W H Lovell ... .... :...... ..

Francis Wieser ..-......-

Houston and Texas Central B B

William C Day-... .... .... .
H M. Wilson .... ..... ...

Atchison, Topeka and Santa Fe 
Bwy

... do ....... ... ... .........
J S J Lalhe . . ... .. .:.
F H Nowell . -- ... .. .. 
Theodore J ohnson . . ..... . . 
FayetteB Plumb . .. ... .... 
Northern Pacific E E Co . ...

E E inNebiaska

... do ...... . . . . . .....

W C Day ...... ..... ...

E rp TTill

L.P Bush ... ... ... ..

. do . ........... . .. ...

do ........ .. . . .........
.. do . .......... .. .. .
.. do .... ... .. ... .....

.. do .. .. ........ .. .......

Total . . ............. .....

For what paid

.. do... .. ..... ...........

Original drawings ..... ........

Transportation of assistant

Transportation of assistants 

... do.. .. .... .... ... ..

... do ...... .. .... ...... ..

.... do ......... ... .. .. ....

Cash paid for services 
Services, Aug 13 to Sept 22, 1894 
Geological hammers . . - 
Transportation of assistants ....

... do . .. ........ .......

.. .do. .. .. .......... .....

.. do... .. ... ..... ...........
.. do . ..... ...... ... - .
.. do .. ...... ..... ..........
.. .do . ........... ... .....

do .... .. .... ..... ...
.... do.-.. . .. ...... .... ...
... do... . . - ...........
.. do ... .. .. ....... ..
.. do . .. ... ..... ....
.. do .. .. .... ... ....
... do.. ... - .......... .....

.. do .. .. ....... .....
.. do ... .. .... .... .....

___ « _________________

Amount

  $136 12

27 00
9 78
5 40
5 40

11 00

73 60 
151 60
25 35 
10 35
57 00

5 87
200 00

38 47
18 76
15 28
8 10 

70 74

6 80
56 00
43 42

41 00
265 00
22 32
22 10
54 18 
87 50 

209 55 
15 00 
29 50

44 23
126 96
93 45
45 38
81 30

132 40
15 20
44 65

321 20
53 25
87 45
60 00
96 20
25 00
94 09
11 80
8 13

349 99
203 80
16:) 00
114 20

80 00
65 00

280 80
97 80

951 80
1,052 03
1, 179 00

342 40
220 00

840 80

11, 209 07
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Abstract of disbursements made by John D, McChesney, chief chsbuismg clerk, United 
States Geological Survey, etc  Continued

GENERAL EXPENSES OF THE GEOLOGICAL SUBVEY Continued 

OCTOBER, 1894

Date 
of pay­ 
ment

8
6
3

9
Q

9
9

10
10
10 
12 
12
12
12
12
16
15

15

13 
13
16

17
17

17
17

18
20 
22 
22
23
23
23
24 
26

26 
26
26 
29
29
29 
29

31
31
31
bl 
31
31 
31
31
31
31

31 
31
11

11

31
q-i

q-i

31

No of 
voucher

1

5
6
7
8
9

10
11

13
14

16 
17 
18
19
20

22
23
24
25 
26
27
28
29 
30
31
32 
33
34

36
37
38 
39 
40
41

43
44 
45

46

48 
49 
50
51
52

54
55
56
57

59 
60
61
62
63
61
65 
66
67
68
69
70
71
72
73

To whom paid

F B Scott . .... ....

Rio G"rande Western Rwy Co .

V B Newell..... . - ... -

. .do . ... .. -- -- ... -

United States Expiebs Co .. . 
A P Davis ... ......

Baltimore andObioK R Co -

Swem Supply aud Construction Co 
Geo H Murch ... ... -. ... .
IJavidT D,iy ... -- -. ...

Queen & Co (incorporated) .... .

H N Stokes .. - -- ---....- .

J b J Lallie..... - ..... 
Virginia and TruckeeK R Co...

Theodore Johnson ... - . ......

Pennsylvania R K Cu ..... .

K R in Nebraska 
Denver and Rio Grande K R Co

Smith Premier Typewriter Co . 
New York Safety Steam Power Co

A P Davis ..... ... ---- ...... 
Rio Grande Western Rwy Co . . .

N D C Hodges ... -- .- ...

A P Davis- . . .... -- .. ... -

Northern Pacific Rwy Co . . . .

C C Willard ... ... ... .....

F H Newell------ -- -- -.------

. do ..... .. ..... . .........
.. do ..... .. ...... ...........

For what p-iid

... do -. -

do .. . ... ....... ..
Transportation of assistants -. -

Services, Aug 1-18,1891.

Freight, Aug , 1894 ... . . .
Freight, July and Aug , 1894 . 
Traveling expenses ....... .....

Transportation of assistants .....

Supplies and repairs .. ... ..

Traveling expenses , ..... .

Instruments . ....--- ....

Repairs to current meters - . . 
Transportation of assistants

Services, Sept 24 to Oct 22, 1894..

Transportation of assistants . . .

Transportation of property . -

Geologic repairs 
Geologic supplies - . -

Field expenses ... 
Transportation of assistants .....

. do .. .. - -- ... ...

Publications--- - -.----. .... 
.. do .. . ........... .....
Services, Oct , 1894 ..... . 
.. .do .. . . ..... ..... - .....
. do... ... .- --- --- ....

Transportation of assistants

... flo .. . ........ ... .. ...
.. do ... . .... ... ... .. -.

. do .... ..--- - .. ... ..
.. do ..... ..... ...... -. ...

... do ........................

Amount

It-IO TO

29 37

89 50
129 70
16 50
OQ nA

88 04
138 37
i *> Rn
18 92
1 -I -17

52 35
318 05 

47 80

105 98

793 45 
19 25
44 79

54 57 
dl 25

90 00

22 83

58 63 
30 00

62 50

113 65

2 15
37 16
15 00 

3 00 
75 00
66 45 
13 00 
11 80

12 00
60 05
7 00 
8 50

168 50

9 10

34 15
44 28 
17 50

349 99

985 60

227 50
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Abshact of disbursements made by John D. McCltesney, cJnef disbursing clerk, United 
States Geological Survey, etc. Continued.

GENERAL EXPENSES OF THE GEOLOGICAL SURVEY Continued 

OCTOBER, 1894 Continued

Bate 
of pay­ 
ment

Got 31

31
iil

No of 
voucher

74
75

78

/ 
To whom paid

.. .do ........ ... ........ .

.. do.. ...... . ----.. .. ...
... do .... ..... ..... - ---- -

For what paid

... do ... .. .. ... . ..... ..
-- do . . .... . ..........

... do .. . .. .......... ..
.. do .... .......... . .....

Amount

867 00

248 50

NOVEMBER, 1894

Nov 3
g
5 
6

6
6

6
6

9
9
9 
9
o
Q

10

14 

14

14
15

J5

15 
13

15

16 

20
20

20

20

20

20

2]
21
22
24
24
24
26
26 
26
no

30 
30 
30

1

j 
4

6
7

12
13
J4
15

17
18
19

21

22

25

27

29 
SO
31
32

34 

35
36

37

38

4!

43
44 
45

47
48
49
50 
51 
52
53 
54 
55

Jos A Taff ..
Clias D Walcott ... ... ... ...

.. do ..... .. . ... ... . ...
H Gibb .. ..... .. ...........

L P Bush . ...... ... .. ....
Robert Beall

.. do .- ........... ---- ....

Chesapeake and Ohio Rwy Co.

Wm C Day .. .- ... -. ......

Union Pacific, Denver and Gult 
Rwy

llwy

F H Newell .. ......... ... .-

Henry Gannett ..... ... ... ...

F H Newell ... ...... ...... .-

Chicago, Milwaukee and St Paul 
Rwy

Rwy

River Rwy

Louia Rwy 
S A Cuddy.......-----..-.. ..

F H'Newell . ... . ............

T W Stantoc .. .- . -- -----

H M Wilson....... - . ... ---- 
Robert Hay...... . ... ... .

A H Thompson ...... .... . .. 
F Berger....... ..... ..... .... 
H Gibb .........................

... do .. .. .. .... ............
Traveling expenses. ..... .. ...

... do... . .... . .....

Services, 0<.t 1894 - .... - .
.. do .... ....... .....

... .do .... .... ....... ..
..do . . ..... - . --

... do .... .. ... .. ... ...
.. do . .. .... ...... .. .

Transportation of assistants - -

Transportation of assistant . . . 

... .do .. ... ... ... .- .- ...

.....do .... . ........ .. . - ..

Traveling expenses .... . - . -

.. do...... -- .... ... ----.

.. do ...... .... ... .... - --

.. do-- - ---.---. -----
Transportation of assistants.... 

.. do .. - ...... .- .....

.. do...... .. ..... ....... --

.. do ---- ..... ... ----- --

.. do. ................ ... ----

Services Oct 13 to Nov 16, 1894 . . .
Services Oct 15 to Nov 17,1894 ..

Traveling expenses .... ....

Traveling expenses - ........--- 
Services Nov 1-J5 1894 ...... ..

Field expenses ................. 
Services Nov , 1894 .... ......... 
.. .do....... .... ........... .-

$174
101
355 
115
109

80
65
6

15
22
8

16
75

9
37

43

2 

46

5
67
61

2
140
178 
21
95

76
49 

35
18

9

9

60
60

250
25
10

304 
«

1J6

15

10 
130

73 
80 
70

9 id
37 10
38 00
50 00
43 80

9 00
2 75

5 50 
67 83 
61 35 
20 39 

2 48 
i 00 
I 65 

90 
> 88 ' 79

9 25

9 60

71
75
72
45

3 91
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Abstract of disbursements made by John D McChesney, chief disbursing clerk, United 
States Geological Siavey, etc  Continued.

GENERAL EXPENSES OF THE GEOLOGICAL SURVEY Continued 

NOVEMBER, 1894 Continued

Date 
of pay­ 
ment

No\ 30
iO

30

30
30
30 
30

30
30

id

No of 
voucliei

56

58

bl

61

66
67

69

To whom paid

A I* Divis
F H Newell .... -- ...

.. do . -- - .... -
. do . ... --- ... 

. do ... . - - - --

. do ... -. ----- -
C \V Ha^es ...

C C Willard ..... . ..... ..

For what paid

. do ... ... . .... . .. ..
.. do .... ---- .... . ... ..

. do . ..... .. - .. ..
.. do .... ..... .....
.. .do .. ..... . ..

. do .. .... . ....
.. do ..... . .. 

do .... .. . ... .... ..
.. do ... ... ...... .... .

. do . .... .... .. . ..
Traveling expenses

Amount

$05 00
97 80

163 00

1,001 86
2,781 20

334 20 
43J 20
833 30

122 65

349 99

DECEMBER, 1894

Dec 1
3
4

5

7
a
9

12 
13 
14
15
16
17
18
19
20 
21

23 
?4
25

OT
28
99
,10
31

32
33
34 
35 
36
37
38 
39

41 
4?,
43 
44

46 
47
48 
49
50

 VBV

JohnC Parker ..... ... .... 
Burlington and Missouri Rnei 

R K in Nebiaska 
R. It Towsou ..... ..... . . . . 
K U Goode ..... -- - --.-- --
W H Lovell ..... -- .... --

G E Hyde ....... ... ..... ...

F H Newell...-- .- - -- --
.. do - ...... - --- - -. 

. do ... .. . -- ...

N S Sbaler . .. ..... .<.-

C Kirclihott ... ........ ..... ..

BasilDuke ... ...... .. ..

Wykoil, Seamaus & lieueclict

Southern Pacific C» .... - .-

-. do . .... . .. .. .....

Union Pacific, Denver and Gult 
Kwy

Wykoil, Seamans it Benedict .. 
Smith Premier Typewriter Co .. 
K K Bowker ..... .... . ...
Robert Beall ..... .... .
George T Hawkins ..... ... 
Alplieus Hyatt - ----.... ...

W M Gilcrest -. -. .....

P C Warman .... .. 
J S J Lallie . . .. ....

Baltimore and Ohio R R Co

Franklin & Co .... --

IT T>'P 1 7

Geologic supplies ... ... 
Transportation ot assistant- .....

Traveling expenses ------ -- ...

.. do ..... ........... ..... .
do . - ..... . ---- -.

Field expenses. ............ ...

do ... .... .... ...... ..
Traveling expenses ............
Field expenses .. ... . .

Services, Oct 1 to Nov 30, 1894

Services, Nov , 1894 . ......

Topographic repans ..... .....

Transpoi tatiou ot assistants . ...

Transportation of assistant ... .,

Geologic repairs .... .... 
Paleontologio repairs . . ...

... do ........... ..... - - ....
Services, Nov 27-30, 1894 . . 
Services, Nov , 1894 ....... 

. .do . .. . ... ...-- -- -
Serwces, Oct 1-17,1894 ..... ..

Services, Nov , 1894 . . ........ 
Repairs and supplies . .- -. -

Transportation of assistant . . .

Geological supplies .. . ... ... .

 2 50
31 50 
33 80

64 94 
139 50.
27 25

118 84

198 90 
46 00.

60 00
300 00 
530 00.
250 00.

73 40

10 73
40 00. 

6 15
il 40-

3 M
IS

1 75.
8 50-
3 7»

64 OS
125 00 

8 00 
8 50

32 75
17 39 
75 00 

125 00.
90 00' 

120 00'
146 80' 

41 20. 
65 50.
12 75

7 01
2 00 

41 25
5 70>
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Abstract of disbni sements made T>y John D McChesneij, chief disbuising cleti, United 
titates Geological Survey, etc  Continued

GENERAL EXPENSES OF THE GEOLOGICAL SUE VET Continued 

DECEMBMt, 1894 Coutmued

Date 
of pay­ 
ment

17
17 
17 
17
17
99

22 
22
22

24
24
24
24

2}
24
24
24
24
OQ

no

28
28
OQ

28
81
q-i
q-i

81
q-i

31
31

31
31
i\
01

31

31
31
31
q-i

31q-i
q-i

31
q-i

31

No of 
voucher.

52
53 
54 
55
56
57
58
59 
60
61
62
63
Si
65
66 
67 
68
69
70
71
72
rro

74
75
76
77
I7Q

79

O1

Ql>

83 
84
85

87
88
89
QA

92
nq

95
96
97
QS

' 99
100
101
102
103

To whom paid

G W Tigner .
John L \v illiamH ... 
Oregon Rwy and Navigation Co.

Baltimore und Ohio It R Co ...

Lewis Drummond . ... . ..

Robert Hay .... . .. 
Bio GraudB Western Rwy . . . .

S V Ware ..... .... .

Department ot the Interior .. ...

Burlington and Miasoun River 
K R in Nebraska

Rwy

Rwy. 
N S Shaler....... . .. ..... ..

L P. Bush .. . ..... . ... ....

f1 C "Wlllard
Southern California R R Co .....

A I? DaviH

.. do ........... ..... ..... ..

.. .do...........................

.. do ... .... ... ....... ..

.. do .... .............. ......

... do ... ..... ... ........

.. do...... .... ..... .. .....

Total...... ..... .. ... ... ..

For what paid

Services, Dec 1-3, 1894 ....
Services, Doc 1-8, 1894 . .... 
Transportation ot assistants .....

Transportation of property .....

Services, Dec 11-21, 1894 . . .

Services, Dec 1-15, 1894 . 
Transportation of assistants . . .

. do .. .. .. .. . .... ..
do ... ....... .. .. ....

.. do .... ....... ..... .. .... .

. do . .. .. .. .. .....

Supplies ...... ....... ...

. do ........... . . .. ......
Transportation of assistants . . . 

... do .......... ... ....... ..

... do .... ..... ..... ........

Services Dec ,1894...... . ..... 
... do .. ......... . ............
... do ........................
.. do.... . .... . .. ...

Transportation ot assistants .....

... do .. ... ... ... .. .. ...
.. do. . ... ...... .. ... ..

... do .. . .......... .... ....
.. do ..... .......... .......
. do...... ..... ..... . .. ..

.. do ... .......... ...... ..

....do . .. ... ... .. .......
... do . .. ..... ..............
.. do ...... .. . ......... ..
.. do ... ....... .. .... ....

Amount

$48 75
3 87

11 61 
32 20 
16 50

1 72

15 00

60 00

45 00
29 70

162 JO
130 00 

54 25 
8 60

12 50
9 15

3° 95
00 Kf\

10 56
18 31

229 46 
29 01
15 14
86 65

19 86

170 00

70 00

42 50

67 18
349 09
61 40 
32 50
37 01

168 50
1,364 70

1, 536 50

446 40

757 96

JANUARY, 1895

Q
D

7 
7
7 
7

9

3 
4
5 
0

8

Richard M Webstei .... ....

Williams Post . ... ...........

Aluheus Hvdtt ...................

Services, Dec. 26-J] , 1894 .

Sei i ices, Dec , 1894 .. ...... 
.. do....... . .......... .....
. do . . . ... .... ....
.. do ... . . ..................

53 63
14 67 
57 07

101 10 
151 60

64 20
75 00



REPORT OF THE DIRECTOR. 99

Abstract of disbursements made 6i/ John V AlcChesney, chief disbmsmg cleric, United 
States Geological Survey, etc  Continued

GENERAL EXPENSES OF THE GEOLOGICAL SURVEY Continued 

JANUARY, 1895 Continued

Date 
ot pay­ 
ment

9

9 
9 
g
9 
9 

10 
10 
10 
10
10
10

12
13
12
12

14 

14
14
14
14

15
15 
15 
15 
15 
15 
15 
16
Ib
IB 
IB
16
16
18
18 
21

21
21
21
21

21
21 
21 
21
22 
22
22 
22 
22
2"
22 
23 
22 
25 
25 
25

25 

25 

25
25 
25

No of 
voucher

g
10

11
12 
13
14
15 
16 
17 
18

21

23
24

26

28

30
31
32 
33
H
35 
36 
S7 
38 
J9 
40

42 
43 
44

47
48

54
55
5»>
57
58 
59 
60
61

B3 
B4

BB 
67 
08 
B9
70 
71
72

74 

75 

76
77 
78

To whom paid

Warren Dpham. . . .....

Jamea Storrs ... ... . ---. 
. do .. .... . . ..... .. 
A P Davia. .. . ... .......
.. do ... . ..... . ... ..
Melville Lmdsay 
Southern Pacihe Co 
Denver and Rio GrandeR R Co 

do ... .... .... ...

.do ....... ..... ..
Baltimore and Ohio R R Co

Gieat Western Rwy Co .

C D White.. . . .... . ..

Nashville, Chattanooga and St 
Louis Rwy

H L Packard . . .....

& F Eiumons . . ..... 
H M Wilson ....... . 
H C Rizer . ... . .... . .. 
Geo F Muth <te Co . ...... 
Z 1) Gilman .. ..... 
btepheusou's Express .... ....

Thomas W Smith . . .... 
E E Jackson & Co . . ... - .

.. do . ..... ........ ....

. do .... .. .. .... .... ..
JuhnW Parkei . ...... .

J S Regan .. ... . . ...... ..

J M Reed .. ... . ... .. .

Baltimore and Ohio K R Co.... . 
Carson and Colorado R R Co .

Oregon Railway and Nav Co ..

National Press Intelligence Co . . 
B W Woodruft ... ........ ....

Rand.McNalh &. Co .. ...... . 
Library Bureau ..... 
Charles I) Walcott . . .. 
People's Dispatch Co .... 
A P Davis ... . .. ..... 
H L Mooie ..... .. .. .

Auuio L Arnold . ... .. ... .. 

Belle Worth Bagley .. .

Oregon Railway and Nav Co 
John ISnkmbme ....... .

Foi what paid

Services Dec 15 20 1804
bervices. Dec 31, 1894, to Jan 8, 

1893 
Services Dec 12-22 1894 .... 
Traveling expenses. . . .- -

Field expenses ........ .. .... 
Illustration supplies .... . .. 
Transportation nt assistants .. . 
Transportation of propert\ ..... 
.. do . ... ... 
..do ... ...... ....

do .... .... ... . ..
.. do. ... . . .. .. 

. rto . .. ..... . ... ..
Transportation ot assistants . ...

Traveling expenses ..... ...

Transportation of assistants 

.do ..... . .... . .. ..

Services, Jan 2-10, 1895 .. ..

Field expenses 
Traveling expenses. . . . . 
. do ... ... ... -- 
Geologic supplies .- ... -- 
supplies ... ... . ... 
Freight charges ami hauling .

Supplies ... . . . ..... 
.do .... .... ..... 

..do. ... . ...... -. ...

.. do . . ....... .
do . ..... .. . ... .. ..

.. do ... ... .. ...
Forage, storage, etc . - ...

-do . . .. ..... ... .. ...
do .... . . ...... ....

. do . ... .. ... .......
.. do .... .. .. ... ......

. do . . . . ...... --
.. do ... . .....
Transportation of assistant ..... 
Trauspoi tation ot property - - - -

Transpoi tation ot assistant ....

Publications .. . - ........ 
Geologic supplies ..... ... ....

Mineral Resources supplies ..... 
File and pamphlet cases 
Traveling expenses . . ....... 
Freight charges and hauling .... 
Fiehl expenses ......... . .. 
Services, Oct 1 to Dec 31,1894...

Servu.es, Doo 15, 1894 to Jan 23, 
1895 

Services, Dec 18, 1894, to Jan 23, 
1895

Ti ansportation ot assistant ..... 
Traveling expenses .. .. . ......

Amount

$30 00
40 00

20 00 
25 30

4 75 
8 30 

24 05 
.85 

4 84

10 38
20 58 

5 38
27 50

135 80
160 02

8 BO 

17 75
15 00

30 00

17 00 
14 50 
AS 80 

9 50 
37 85 
47 81

91 00 
B6 84

5 14
22 91

44 50 
14 00
7 50
5 00
5 00
7 50
5 00
5 00
3 00
5 00
5 25 
8 70 
2 03

16 10 
27 50
10 20 
C5 00 
12 50
7 50 
4 80 

24 25 
11 78 
67 05 
15 00 

5 00
17 50
00 00 

CO 00 

1 96
6 94 
9 83
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Abstract of disbursements made by John D McChesney, chief disbursing cleik, United 
States Ceological Suivey, ttc Continued

GENERAL EXPENSES OF THE GEOLOGICAL SURVEY Continued 

JANHAKY, 1805 Continued

Date 
of pay- 
inent

Jan 25

22 
2b
25 
25
25

31

31 

31

31

31 
31
31
31
31
31 
31 
31
qi

31
31
qi

31
31 
31

No of 
voucher

79

81
82
83

85
86

87

88

89 
90

91
92
93

05

97
98 
89

101
102
103
104
105
106
107
108
109 
110 
111

To whom paid

John Birkmbme . . ----- 
E W Parker. .... - .
United States Express Co ....

W Andrew Boyd ...... . - . - 
M Siebold .. ... . ..... ...

Eudora Magill ..... . . 

Victoiia. Essex .... - -.

Frank-Burns ....... .....

H Glbb.... ..... - ........
L.P Bush .. .. .....
Z D Gilman-- - - ....... - -
A P LUvis ..

. do ...... .....

, do...... . .... . .... .....
.. do ... ...... . . .....

. .do .. .. .. . .. ......... .
. do.. .. .. ... .......

... do ...... .. . ... ....

... do .... ... ... .... 
O A L]ungstedt ... ......... .. 
C C Willaid ..... ..... .. -

For what paid

Traveling expenses ... .... ..

Freight < barges ... .... .

Publications - - ........ ...

1805

1895 
Services, Dec 17, 1894 to Jan 22, 

1895 
do .... ... . ..

1895 
... do .... .... ......

Traveling expenses

.. do ...... ..... ... ..... ...

.. do ...... ... . ... .. .....
... .do. .... ..... ........... ..
Laboratory supplies . . 
Services. Jaii . 1895 . . .. .. 
.. do .. - - ..... ... .
.. do .... ..... . . ...... ..
.do ... ..... ..... ..

do ..... .
.. do ... ..... ... .... ....
.. .do . .. .. .. ..
.. do ..... .- ..... ... . .. .
.. do ... ..... -
.. do . .. ............ .... . ..
..do ....... . . .
Services, Jan I'i-Sl, ]89j .. . .

Amount

$9 08 
9 85

94 25 
35 00
25 00
2 ro

13 50
75 00

170 00

60 00 

34 00

60 00

81 87

80 00
70 00

211 84 
172 20

a, 027 10
2,750 30

249 70 
60 11

FEBRUARY, 1895.

Feb 5
8 
8 
8 
8

g

8
g

8 
8

11
12 
12

12 
12
i2
12
12

12

14 
14 
14 
14

1 
2 
3 
4

6
7
8

10 
11
12

13
14

16

1 8
1Q

20

22

23 
24 
25 
2b

Mnmio HiHigaii - . ... 
J H Jjippimott .... ----- .. .. 
S Fortier . . ....... 
James T White it Co ....

Southern California K\\y Co ..

Pennsylvania E R Co .... . . 
.. do . .... ........ . . ..

Rwy Co 
A P D ivis
Baltimoie and Ohio K E Co

C Gustavus Meninger 
Mrs Mane E Webb ........ .

Chicago, Milwaukee and St Paul 
Ewy Co 

Ma(kall Bios &, Flenier . 
W H Mornson's Sou ...... . . 
TheE F Brooks Co .. . . . . 
JohnC Paiker ... ... . .

Services, January, 1895 . .. .... 
Services, January, 8-18, 1895 ... 
Services, Nov 28 to Dec 27, 1894 
Publications ... - - ...... 
.. do ..... ... ..... ..... -

Transportation of assistant .....

Transportation ot property ....

do ........... .. ..... ...

Transportation of property -..--.

1895 
Report on phosphate ... ..... 
Services, Feb 5-12, 1895 .......

do . ...... .........----.-
... . do ... ... ----- . ... . -
... do .. ... . ... ... - -

Transportation of assistants

Laboratory supplies - . -. -- 
Publications ..... ....... 
Geologic supplies. ........ .. 
biinnlics- .... . - - .....

$50 0(1 
70 00 
54 00 

  8 0< 
14 85
36 20
17 75
57 00 
16 10
5 04 
7 52

153 75
10 40 

150 00

50 00 
14 00
14 00
14 00
14 00
32 25
29 00

12 77 
16 (10 
10 50 

5 20
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Abstract of disbursements made by John D. McChesney, chief disbursing clerk, United 
States Geological Survey, etc  Continued.

GENERAL EXPENSES OF THE GEOLOGICAL SURVEY Continued _ 

FEBRUARY, 1895 Continued

Date 
ot pay­ 
ment"

Feb 14 
14 
14

14 
14
15 
15
15 
18

1 Q

18 

18

18 

18

18
18
91)

20 
20 
25

23
23 
23
23 
25 
20

9-1

23 

27

28 
27
28
9H
On

9H

23
28
28 
°8
98
QQ

28 
28
28 
28

OQ

No of
voucher

27 
28 
29

31 
32
33 
34
35 
36

37

39 

40

41

42 

43

45 
46 
47
48 
49

51
52
53 
54
55 
56 
57

KQ

60

02

68
09
70 
71

73
74 
75
76

170

79

To whom paid

Alicell Haydeu...... ..-. . 
E J Lewis .. .. ...

Geo F Mnth& Co ......... ..
John Steftian ... ....

Charles E Munroe .. .... - -

Jean F Kaighn -. -----. 
B W Vedder .. ... . .....

Murray llott ..... .

Barry Cronin ..... ....... 

Edward Kubel .... . . ,....

Thomas Someiville & Sons. . .. 
E E Jackson i. Co .......

Samuel Storrow ..... 
(T N S.iegumller .. . ..... ..

Eudora. Ma£ill -- .. - ...

Fred Keh . ... .. -.

Thomas W Smith ..... 
Henry G.innett - .... ... 
Samuel bpnuymann .- ... --

Daniel Crumbaugh .... .. ..

S Fortier . .. .. .....

M Siebold .... .. ..... . ..

C C AVulard . .. . ..........
Pay loll ot employees -- ..

...do ... . . .... . ...
.. do .. ... .. ... .....

. .do ... 
... do .. .... .. .... .

. do . ... ...... . 
do ..... ... .....

... do .... .. ......

Total . . . ..... ....

For what paid

Services, "Feb 2-11, 1893 ........ 
Paleoiitologic supplies - - . . -.

do .. .. . ... . ...

Assay of ores and rocUs ....

Servic es, Jali 30 and 31,1895 
Services, Oct 18, 1894, to Jan 31, 

1895

189->

1895 
Services, Dec 7, 1894, to Jan 31, 

lB9i

1805

1895 
Services, Dec 15, 1894, to Jan 31, 

1895 
Topographic repairs . .

Laboratory supplies-. .... . 
do . - ....

Ganging streams supplies -. -. 
Supplies aud repaus . .

Services, Jan 23 to Feb 14 1895 .

Geologic supplies. ..... 
Publications- - - - ..... ..
Supplies .... - .. -. 
Traveling expenses .- .... 
Hauling specimens .- .. ..

Servu es, Dec 18. 1891, to Jan 31, 
1895

1895 
Services, J in 28-31,1815 .... .

Eeut of ofhce rooms, Feb 1805 .
Services, February, 1895

do ....... ..... .... ..
do ..... . . ....

. do .. . . .... 

. do .. ...
..do .... 

do . . .... . --
do ........-' .

Amount

$16 00 
4 50

2 57
34 55 
57 25
50 00

3 87 
10 35

9 03 

8 70

4 50 

8 00

14 06 
40 38

29 50 
56 75 
25 00
40 00

21 00 
5 01)

191 00 
25 14 

5 69 
73 35

7 25 

150 00

24 0(1

42 80

5 30
2 52
0 25

349 99
1,200 20 
1,038 00
2,531 b4
1,830 80
2,484 40 

378 80
412 00 
820 60
699 80
381 20

MARCH, 1895

Mar 4 
4

R

1 
2
Q

5

E W. Parker ........... .....
Annie L Arnold .. - . .......

Alnheus Hvatt .. . .. .. ..

Traveling expenses ...... 
Services, Jan 24 to Mar 1,1895 .. 

do ...

.. do ... . . .... ......

$26 39 
00 00

34 50
70 00
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Abstract of disbursements made T)y John D. McCliesneii, chief disbursing clerk, United 
States Geological Survey, etc. Continued

GENERAL EXPENSES OF THE GEOLOGICAL SURVEY Continued. 

MARCH, 1895 Continued

Date 
of pay­ 
ment

Mar 6

6
6

6

6 
6 
6

7
8 
8

12
14

14
14 
14
14

14 
14

14 
14
14 
14 
14 
14 
16 
16 
16 
15 
20 
20
20
20
M
Of)

20
Oil

20 
20
21
9fl

02 
22 
23

25 
26
20

30
30
30
30
30 
30 
il
11

31
Q1

31
31
31
O1

31

No of 
voucher

6
7
8
9

10

11 
12
13 
14 
15
16
17
18 
19
20
21 
22
23

25 
28
27
28
29 
30
O1

32 
33
34 
35 
36 
37 
38 
39 
40 
41 
43 
43
44

47

49
50 
51
KO

54
55 
56 
57
CO

59
60
61

64

67
68 
60
70
71
72
70

74
75
76
77
78

To whom paid.

H Gibb . .. .... .... . ...... .
L P Bush . ..... ..... ...

H. V JTmckley .....

Edward Kubel . ... -..--..-
Pennsylvania R R Co

William Ken .. . .........

Daniel Appleton &. Co . . . . . .

William C D,iy ... ... . ...

Fuohg &LangManufai hiring Co 
Meyer Brothers Ding Co ... - -

John C Parker ...

Thomaa Someiville. ... . . 
Theodore Johnson . ..... ... 
Elizabeth A Ballocb - ... 
Henry S Williams - 
Kennedy & DnPcrow - -. -- - 
J W View & Co ... . -. ... 
1'ennsvlvania R R Co . ...... 
Griffith Tlmmton. ..... 
James P Iddings . ....... 
Cliailes M Kolker ... ..... . ...

John C Entrikcn . .... . .

E W Parker ........... .. .. 
William F Porter .... ....

A O Pwitle
Baltimore and Ohio R R Co .....

Sanella J D Cooley ... 
Griffith Ihornton .... ... ... 
Mrs Jennie T Davis -. .... .

. do . - ...... . .. .

.. do ... . ... . .. ..

.. -do .. ... ....... ....

.. do ..... ..... . . . . ...

.. do .. .... ....... . . .

.. do .. ...... ... .. .

For what paid

... do ... ............ .... ....
do . ... ......... . . ... ..

1895 
Services, Feb 19and20,1895 .....

Repairs to instruments, etc ..... 
Freight -- .. ... ...............

Geologic supplies - ..... . ......

. do---.- ......... .... ..
- ilo ..... .... ....

Traveling expenses ..... ...... .

do ..... . ..... ...

Topogiaphlo supplies . ... 
Illustration supplies .- .- .

Mineral Resources ... .... . ..

Gauging streams supplies.. . 
Services, Jan 25 to Mar 6, 1895 - 
Services, Fob 4 to Mar 7 180°> 
Services.Sept 1,1804, toJfeli 28,1895 
Laboratory supplies - ...... 
Supplied ......... 
Freight ........ . .. ... . 
Serviies, Mar 8-15 1893 .. .. 
Services, Jan 21 to 1'eb 23, 1895

.. ilii - .... -- .

Repairs .......... .. . .

Tra\elmg expenses .. ..   .. 
Publications ... ..... ..... . 
. do ... .... . . . . ....

Transpoitation of assistants....

Services, Mar 12-80,1895 . ..... 
Seivioes, Mar 16-10, 1895 ..... 
Services, Mar , 1895 .......... 

do . ... ... ...... .... --
.. .do ... . .. . ...... .- .- .

do . ... ...... . .. ..... ..
.. do .... ---- . - ..-- -
.. do . -- ...... ---- ...... .
.. do .... ...... ...... ..
. d» -. --- . ... -- -- .-.--

.. do . . ... ... - - ........

Amount

tfirt ftft

65 00
50 00

10 00

39 H 
S 17

63 00
7 50

12 00 
7 50

51 25
6 54

12 00
1 9 tt

8 45 
29 15

2 50
10 00 
2 40 
1 29

40 00 
.50

18 70 
75 00 
30 00 

300 00 
  3 30 

13 50 
9 59 

14 00 
203 00

66 00

7 00 
5 50

27 30

9 15
41 37 
7 00 

94 00

11 50 
3 75

5 66
1 50

162 00
11.45
25 00
40 00
30 00 
26 00 
CO 00 

- 1, 394 00
1, Id3 05

2, 027 10
2, 750 30

672 99
456 50
047 20
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Abstract of dtsbui sements made it/ John D. MoChesney, chief disbursing clerk, United 
Stales Geological Survey, etc. Continued

GENERAL EXPENSES OF THE GEOLOGICAL SURVEY Continued 

JlABCH, 1895 Continued

Date 
«t pay­ 
ment

31
31
31 
31
31

31
o-i

31
31
31

No of 
voucher

7!)
80
81

82 
83
84
85
8607
oo

89
90

To whom paid

Theodore Johnson- . .'- ... ..

H Gibb ......... . ...........

C C Willarrt .. .. - ... ....
Belle Worth Kagley ...... ...

For what paid

.- do ... ....... ....

Services, Mar 7-10,1895 .... . 
Services, Mar ,1895.-.. .. ...
... do... .... ..... . ...
..do. .... . . ......

Services, Mar 2-30, 1895

Amount.

421 90
jq QY
52 50 
80 00

65 00

17 31

50 00

16,981 10

APKIL, 1895

Apr 10

11

11

it
11

10
10
10

10 
10

10
10
10
11
1111
11
10
11
11
10
11
11
11

11
11
12
12 
12
12
12
12
12
13
ia
13
11
13
13 
13

5

8

12

14
15

17
18
19
20
21
22
23
24
25
26
27
28
OQ

30
31

33
31
35 
36
37 
38
3")

43
41

45 
46

48 
49

,T M Reed .. ... . ............

liarry Cronin .. .... .... --

J W Lane--.......--..-..-.----.

L H Tavlor... .... ... . ....

F W Parker
F II Newell

W &L E Gurley ..... ......

Department of the Interior. . .....

... do............ .... ......

... .do ..... ..... ...........
.. .do ... . .... . ... - -. -

Louis Dutertre ...... . . - - - -

Daniel Cm mbaugh ....... . . . 
MatneH Maddox ... ..... ...

MmmeMilligan ...... .... .... 
F H Newell.... . ... .... -.

1895

1H95 
... .do ..... .... .. .... ..

1895 
.... do ..... .. ... .. .. ....
.. do .. .... .. .. . ... ...

... do ..... ...... .. .. ... ..

... do . . ................. ..

... do . .. ................ ..
. -do .. ... ...... ..... .....

Services, Feb and Mar , 1895 ..... 
... do ..... ...... ...... ....
.. do .. .. ... ..... ....
.. do . . ......... . .... ..
.. do. ... ..... ........
.. do... ... .......

... do .... ... ....... .. ...

... do...... .. .... .. .. ...
.. do ... ........ ... .. . ..

.....do ............................
.. do. .......... ..... .... ...
.. do......... ... ..... .....

.. do .... .... ... .. ...... ..

Supplies-. ......... . ... ...

Supplies - ... .. .. ............

... do ..................... .....

... do .. ... ... ... .. ... ..
. <lo... ...... .. .- ..

Services, Dec 24, 1894, to Mar 31, 
1895 

Services, Mar , 1895 ... 
Services, Mar 6 to Apr 2, 18<J5 - -

Services, Mar., 1895 .. ...... 
Field expenses -

28 00

8 00
15 00

15 00

15 00

6 00 
10 00

10 00

4 00

fi 00

39 00
42 00

10 95
5 50

10 00
8 00

146 00 
00 00

160 25 
2 00

59 89
78 10

2 J5
15 34
3 00

22 75

5 00 
66 00 
50 00
50 00 
16 35
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Abstract of disbursements made by John D McChesney, chief dmbuiiting clerK, United 
States Geological Sui vey, etc  Continued.

GENEKAL EXPENSES OF THE GEOLOGICAL SURVElT-Cuntmued 

APRIL, 1805 Continued

D 
of
me

4 IT
*

ite 
pay- 
lit

15
1.1
17
17
17
1(i
17
17
17
 ffl
 so
W:

m
*>0

so
flO
 W)
 M

24 
 M

26 
SB
?6
?6
Vf)
26 
W
S9

30
30

80

SO
30
30
no
30

30
30

No of 
vouchei

50
51
52
53

55
56
57
58
59
60 
61
62
63
64

66
67
68
69 
70
71
72 
73
74
75
76
77 
78
79

82

83

85
86
87
88
89
90
91
92
9d

To whom p.ucl

HughEeilly....... .- ...... . .

B A Daniell . - . .....

. ..do...... ..... ----... ..
C D White . ... . .- -. -.

G N Saegmuller . -. ......

Henry Buflord ... ....

S F Ware.... . ..... .... ...
P E Harrouu. ... .... -. .. ... 
W. F Hillebrand. ... ........

C C 'Willard . ........ ..

do ... .... ..... ........
. do . .... . ...........

do .. .. ...... ... .......
. do ..... .. ...

. do . .. ...... . ....... ...

.. do.. ...... ....... ... .....

....do ..... .. ........ ... ....

For what paid

Geologic supplies .... ....

.. do. . .. ............ ....

Instruments . . .. ....

service*, Mar 1-23, 1895 ... . ..

Services, Apr 8-19,1895. ........

1895 
Rent, Apr , 1895 .. ..... .....

do ...... .. .... ..........
.. do .... ..................
.. .do. ................ ..... ..
.. do ... .. .. . ..........
.. .do ............ ... .......
.. do ... .. ... . . ..... ...
.. do .... .. . .. .. .....
.. .do ... .. .... ... -. ..

Amount.

6 00
9 50

30 *0

3 IT

67 89
Z 70

22 00 
35 25

1 16
19 d5
20 65

7 14
6 73

25 on
50 00

40 00 
1 20

16 03
11 18
66 00

4 64

42 50

349 99

1, 093 60

2, 484 10
522 30
552 30
906 60
626 45
403 80

15,096 66

MAT, 1895

May 1
1 
1
1

1

1

3

S
g

(J

9

2

4 
5
6
7
8
9

10

32

15

17
18
19
20
21

A P Da\ is
Cvrus C Babb .- ...... ........

Mrs JeunioT D.IVIS. ........ ...

"William A. Eaborg. . . ..... .

SanellaJ D Coolev.. . -. ... .. 
Belle \VotthBagley . ... ..

H Gibb . . .... ...... -

P. L Brown...... -. .. ... ...

Trav,hn<rex enses
feei vices, Apr , 1895 . ... - - - -

Services, Api , 1895... ...... ....

.. do .. . ... ... ....... -.

Traveling expenses . ...... - .

. do....... ...... ...... ...
Services, Apr , 1895 ... ......

.. do. ........... . ... ----- ...

.. do ............ . .. ... ...
. . do...-----..-- . - -- ----
.. .do ............ .... .......

. . do ......... .. --- -.

.. do ........... ....-- ........

114, 00 
42 00
60 00

52 00

55 00
40 43 
42 25
60 60
45 00 
50 00
49 00
80 00
70 00
bo 00
50 00
91 9b

6 00
6 110
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Abstract of disbursements made it/ John D. McCliesney, clnef disbursing clerk, United 
States Geological Suivey, etc. Continued.

GENEBAL EXPENSES OF THE GEOLOGICAL SURVEY Continued 

HAY, 1895 Continued

Date 
of pay- 
meat

Mn v Q

a

9 
9
9
n

9
9 
9 

10
n

10
10
10
10
10
10

10
11
10

11
13 
15
15 
15 
15
15
15
10
16

16

15
1 R

17

17

17
17 
17
17
17
17

21

21
21
21
21 
21 
24
24
24

24 
25

29 
on
31
31
31

31
81

ATo of 
voucher

22
23
24
25 
26

28

30
31 
32 
c!3
O 1

36
37
.J8 
39
40
41
42
IQ

44 

45
46
47
48 
49

52
53
54 
55
66

58
59
60
61
ftO

63
64
65
66 
67
68
69
70
71
72 
73
74
75
76
77 
78 
79

R1

82
83
84 
85
86
87 
88
89
90
91
92
93
94

To whom paid

J N Lane- ... ...... '..-.. . --

Daniel Crumlmugh . ....

\V A Shannon... . .. .......... 
H E Bid well - - ... 
E S Bitthie & Sons. ....

J B Lippiucott ... -.-- ...... 
W &L E Gnrloy .. .. ... ..

 William H Dall .. ..... .. ..

AtehiBon, Topeka <md Santa Fe 
Railway Co

E W Parker ... .... .. .

"William C Day . . ......... 
do -. ........

J.WDrcw&Co ...... .. . ..

John C Eutnkeii .. ...... .. 
E P Klder . .. ... . ..... ..

0 V P Stout -. .-

Citizens' National Bauk ...... 
Charles D. "Walcott ...... ..
. do .. - ... .... ..

Jos D Weeks .- - - .........
AlthaT Coons ..... -. .- .- ..

John \Varuer ... .......... 
Frank Burns ... ...... ..

M Siebold...... .. .....

Geo 1' M.uth&Co . ... .. . ..

Southern Railway Co . . .....

Southern Railway Co ..... 
.. do . .- ... . ........ ..

H M Wilson ... ....... .. .-

F Bergei . - .. - 
H Gibb . - ... ....... .. ..
L P Bush . . .......
Florence Pollock ... ... .....

For what paid

Services, Apr , 1895 .. ... .....

... do ........... .. ...
. do ..... ..... ..............

Services, Apr , 1895 - . . . ...... 
-. do ........ .... .. .. 
Supplies ... . . ... ... . . ......

Seiviccs, Apr. 2-20, 1895 ...... .

Freight .. ,. .... -. ... 

. do ... .. ... .. .... . ....
Traveling expenses

Traveling expenses . ...... 
Servici's.Uec 1,1894, tojon 31,1895

Geologic supplies ...... ...

"Laboratory repairs ... . - . -

SiTMces, Mar 29 to Apr ii, 1895 .

. do ...... .. - ... ....
.do .. .... .... ..... .. .

Bills of exchange . ..... .

Services Apr , 1895 ... ......

.do .... ... . ..... .....

Oneaunndl - ...... .....
Traveling expenses . ...... ..

.. do ... ........ .. ..
Transportation of assistant - . -

Transportation ul assistants ....

Sei vices, May, 1895 .... .

do ...
ben ices. May 16-31, 1895 ...

Amount ^

$6 00

5 00

0 (10

3 00
7 00 

10 44

1 36

52 50 
4 20

11 50
5 00

129 11
15 d9 

1 16
25 19

21 61 
250 00 
90 00
25 00

4 50 
15 00

4 50

1 75

83 00

6 81
5 7b
1 03

33 47

39 00

6 00

101 50
80 00 
15 55 

231 9")
3 47
5 94

108 00
41 78
19 50 
67 70

56 75 
iJS.OO
23 25
36 00
80 00 
70 00
65 00
28 00
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Abstract of disbursements made by John D. ATcChesney, chief dixltursuuj clerk, United 
States Geological Suney, etc  Continued.

GENERAL EXPENSES OF THE GEOLOGICAL SURVEY Continued 

MAY, 1895 Continued

Date 
of pay­ 
ment

May 31 
31

31
31
31

81

31
31
81

31 
31
31
81 
31
31
31 
31 
31

Ho of 
vouchei

95 
98

99

101
102 
103
104

106
107
108

110
111 
112
in
114 
1]5 
lib

To whom paid

George F Kunz . - . . ......

A M Kyau ...... .... .......

C C Willard . . -. ...

E B Clark . . ....
Pay roll ot employees

. do ... .... 
.. do .... . .. .
.. do ... .... .. ... .
. do .... . . 
..do ... ....... 
.. do . . . ......

Total .. .. .. .. ..

For what paid

Services, Jan , 189o . . .....

Kent ot office rooms, May, 1895 .

. do ..... . .. .. .....

. do . . ...

.. do .. .. . ... ....... .
.do ...... . . .. 

.. do... .....
do ........ ... . ..

.. do ..... ..... 
.. do ... ... 

do . .....

....

Amount

$125 00

53 00

349 99
W Kn

213 00
lid 20
119 20

1,209 70

557 05 
434 20

846 29 
647 10 
477 40

14,951 38

JUNE, 189:

JuneS 
3 
3 
3 
4 
4 
4 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10
11
]0 
10 
10
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
11 
u
13 
13 
11 
13 
13 
13 
13 
13

1 
2 

.3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
10 
17 
18 
19 
20 
21 
22 
23 
24 
25 
28 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44

Department of the Intenoi . ..

. do ......... ... . .
ManeC Webb ..... . . .... 
Sanella J D Cooley . .

Cyrus C Babb . ...... .......
Mrs A. E Ifeelei .... .. ... . 
Jamea S Topbani .. ... .

The Hammoud Tjpenntei Co

A P Davis .. ... ... . 
.. do ..... .... .... . 
Herman Baumgarten .... . .. 
Marie E Webb.... ...... . ..
Department of the Interior ..

.. do ..... . . .... ...

J L. Prentiss 
Emtnctt Grover . ....... 
P E Hairoun . ... ... ... 
El wood Mead ... 
Missouii, Kansas and TexasKy Co

Mining Review and Metallurgist

E R Bonker . .... ... .......
F A Urockbaus . .. .. ...

G F Beeker . -- ..... ... . .. 
AVilliain H Ball ...

Stewart &, Holmes Drug Co .....

Frank Burns .. .... . ... 
HobertT Bill ... 
Shoemaker & Huscb. .. . ...

Supplies . .

.. do.. ... .. ... -
do ... 

Sei vices, May 10, ] 895 ...... 
Services, M ay, 1895 ........ 

do .. ... ... 
. do ...... ..... ....

Services, May 1 i, to J uuo 5, 1895 
Services, May, 1895 .

Geologic supplies ... .- 
Topogx.iphic supplies . .... 
Oiigmal Drawings ... 
Keiuodehng typewriter . . 
Services, May 7-31,1895 .. ... 
Traveling expenses - - -

Topographic supplies 
Services, May 17 to June 1, 18'J5 
Supplies ......

.. do ..... .. . .... .. . .

Sei vices, Jan 1 toMaich Jl, 1895 .

Sei vices, May 11-21, 1895 .. ...

Trausportatio'n ot assistant .....

Mineral resources supplies .....

.. do . .... .... ...... ..

.. .do .... . . -- --- --

Traveling expenses ..... . -

... do ..... . ... .
Photographic plates ...-- . 
Traveling expenses . . . ....

Traveling expenses . .... 
Supplies . . ... - - - - -

$189 01 200 3" 

7, 
20 ffi 
27 0( 
44 0( 
55 0( 
40 51 
42 0( 

132 0( 
18 8- 
10 0( 

1 3; 
70 0 
28 7 
32 2( 

C 3, 
43 rf 
53 I) 

3 0 
33 0 

7 0 
1 9 

45 0 
132 6 

9 0 
4 5 

54 0 
54 0 

1 8 
53 2 
4 0 

15 1 
3 5 

228 3 
3 1 

39 1 
38 2 
38 0 

9 9 
28 0 
25 6 
26 0 

144 9
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Abstract of tlisibiiisenients made by John D. McChesney, chief disbursing clerk, United 
States Geological Survey, etc. Continued.

GENERAL EXPENSES OF THE GEOLOGICAL STJllVEY Contmued 

Ju>E, 1895 Continued.

Date 
of pay­ 
ment

n
15 
15
17 
17
17 
17
17
17
17 
17 
20 
19 
21 
21 
21 
21
26
26
t)n

J5
26
26
26
27

27
26
27
28
28 
28 
28 
28
29
80

30
29
29 
29

29 

29

29
24

on

21
rin

30
30 
30

30
30
30
30
30
30
30
30
30
30

30

No of 
voucher

46
47

49 
50
51 
52
53
54
55 
56 
57 
58 
59 
60 
61

C3
64
05
66
67
68

71
72
73
74
rtf.

76 
77
78 
79

81
82
83
8-i

85

87
QQ

QQ

90

91
92
Q1

94
95 
96 
Q7
no

99
100
101

103

105
10C
107
108

To wliom paid

M Siebold ... . .. ... .

Y, C Tompkms. -. ----- . .

W A Shannon - - - -

V H Newell...... . . .... - . 
H M Wilson ... .... 
Southern Railway Co . ... ... 
L II Schneider's feon.. . . ... 
Stephenson's Express -- .. -. 
Pennsj Ivauia K R Co - . - . . . 
Z 1) Gilrnan .. ... ... ..\ 
.. do ...... .... .. - .....

.. do .. - ... .. -. -

. do .. .. ........... ... ....
A P Davis . .... . . ....
F H Newell .. ..... .......

... do . .. .... ... ...

Samuel Fortier . . . . ...... 
Cyrus C Babb ...... 
Queen & Co , Incorporated

F Berger ....... ....... ... .
H Gibb ..... ......... ..
L P Bush ...... ... -- .- -
Henry Heil Chemical Co .. ...

Not them Pacific R E Co .. ..

Pacific, Kwy Co 
St Louis, Keokuk and Northwest­ 

ern Hwy Co

way Co

Mackall Bros. & Fleiner . . 
C C \Villard. .... ......

~W A Shannon . . - . . - 
J W Nisewaner . ....

... do .. . ... ... ... .. ..
.. do ... -- . .. .. ... -.
.. tin .. .... . .. ..
.. do . .. ... . . ....

... do . -. .... .. . .-
.. do. ... ... . . .... ...

.. do ..... .. ... .. .. .. .
... do .... .. .. .. .....

For what paid

Illustration supplies ,. .. ...

Services, May 11-29, 1895 ..

Services, May, 1895 ... . ..

.. .do ........ .... .. ..... ..

.. do ...... ..... ... .:. ....
Field expenses ... .........
Traveling expenses. .. ... .... 
Transportation ot assistants 
Supplies .. . . ...........
Freight and hauling .. . 
Transportation ot assistants 
Laboratory supplies ...

do...... .. ..... . .

(Services, May, 10, to June 14, 1895 
hei vices, June 1-20, 1895 . . . 
Geologic supplies. . .....

.. do.......... . ...... ..
. do .... . . . .... .....

Laboratory supplies

Transportation ot assistants . . .

... rto . .. ... .. .. . 

... do .... .... .. ... . .....

1895

Supplies ..... ...

Services. June, 1895 .... .. . 
.. do ..... . . ..... 

... do ..... ..... ..... ......

... do ... ... . ..... ..
. .do .... . .... ....

..do- - ... . .....
. do ... .... - - -- .....

do . ... .....
.. do ..... - ...... ...
.. do .. .. ....

. do .... . ...
... do . ..

.do ... . ...: .. .....
.. do . . .- .... . ...
.. do .... ..... . .. . ......

Amount.

$35. 25

3 20

70 00

3 00

3 00
50 78 
43 6i 
20 65 
39 58 
7 53 

522 75 
4 38

9'_> 7?)

72
9 90

24 17

72 10

30 70
17 26

187 71
S'l 37
24 00

132 00 
120 00 

4 50

80 00

3 43

50 00 
20 30

11 50 

11 90

12 00

12 00
44 38 

348 98

3 00 
3 00

247 25
799 35

l,093.bO
859 40

1, 031 60
297 50
552 30
552 20
247 30
388 50
496 80
254 80

12,003 23
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Abstract of disbursements made by C. D Dams, special disbmsmg agent, United States 
Geological Survey, during the fiscal year 1894-95.

JULY, 1894

Date 
of pay- 
inelit

July 9
17

17
16
17
17 
17
13

19

20
21
23

24
24
24

2<>
30 
31 
31

31
31

31

31
31
31
31

31
31 
31 
31 
31
31
31
31
31

31

31 
31
31 
31

31
31
31
31
31 
31 
31
31

No of 
vuuchor

2

5
0
7 
8
9 

10
11
12

14
15
16
17
18 
19
20
21
22
U
24
25
26 
27 
28
29
30
31
32

34
35

37
38
3')
40
41
42
43
44 
45 
4b
47

49
50
51
52
53

55 
56
57
58 
60
61
62
63
64
65
6fl 
67 
68
69

To wliom p<tid

W.S Barley ..... ..... . ...
T Nelson Dale - .- ..........

H It Canjpboll . .... ... 
J H Jenmngs ... . ... ... .

Bedick H McKee 
W B Corse. .. .. .. .........

H L Baldwin ..... .... . ..

Main & Winchester. . ...

do ... ....... . ...... ..
G E Hyde .... . . .... ..

Harold B Goodliest .... .... 
C Whitman Cioss - ... ... 
B W Tuuier .. ....... ..

T Nelson Dale .. .... ...

do ...... ... .. . ........
do . -. ..... ... .. .. ..

.. do ..... ... .......... ..

.. do ..... ... . ... ..

.. do .. ... ........

.. do . . ... ......
. .do -. . . ...... .- -- .....

do... -. .. . .. .. ..
do .. ... ....... ..

H W Turm-r ... . .... 
H L Baldwin ....... .. .. 
James Storrs ... , .......

. do .. .... . . .........

. do ... .. . ... .... .. .. ..

. do .. ........... .... .......

Perkms&Wiso . .. . ......
J J Fawbnsh .... ...... 
C Whitman Cross . .....

Pay roll of employees, ...... .

.. do .. ... .... .
W H Lovell -- .... .. . . 
Rahlfs & ibchoder . ..... 
H <} McCall .. . .- ...
T Nelson Dale .- -. .... .... .

For what paid

.. do .... .. .. ... ..

.. do -. . . ... .. . ... . ..

Field expenses ... 
.do ...... .....

Field expenses .... .

... do ... . ... . .....
Field material - . .......

.- .do..-. ....... .. .. ......

Traveling expenses ..... .- -. 
Services, July, 1894 ....... .. .

.. do ... . . ... ... ...

.. do. .... . .. .. .........

.. .do...- . .. . .... ... ...

.. do ... ...... ... ... ...

. do .. ..... .. ..

.. do .. .... . . .. .... ..

... do ... ... .'.... .. .

.. .do ... . . ... ...

.. do .... ... ... .. ......

.. do ... ........ . . ...
. do .... .. ......... ..

do . . ..... ... . . .
.. do ..... .. . ..... . ...

do . . .. .... .. . .
Field expenses . .. ......... .. 

.do . .... ... ...... 
hemces, Jlll>,1894 . .. .- .. 

do ....... . . ......
do .. . .. ... . .... ......
do...... .. .... ......

Foiagoof animals ... - 
Traveling expenses . .....

Services, July, 1894. .. .....

.do ... ........... . .. ......
. do. . ........ . ..... .....
. do .. ..... . . .... ......
Field expenses . - . . . . ... ... 
Field mateual . ... .... ... ..

Traveling expenses. -....,. ...

Amount

d[K9 Kf\

73 26

53 86 
87,75

36 55

28 01
12 90
99 30

C 45

120 29
20 30

13 «J5

9 75
168 50 
151 60

IbS 50

120 80

247 70
309 80
399 30
311 70
227 40

21 03 
55 25 
38 71 

257 90

18i 32

9 06
43 80
39 65
35 00 

104 50 
66 50

258 01 
29 94

337 00
817 10

1, 104 20
307 40
& 50 
10 85 
20 00
36 22

8,b56 17
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Abstract of disbursements made by C. D Dams, special disbursing agent, United States 
Geological Survey, etc  Continued

AUGUST, 1894

Date 
ot pay 
ment

Au
* 2 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
6 
6 
6 
7 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10
11 
11
13 
13 
13 
13 
13 
]3 
13 
13 
13 
13 
13 
13 
13 
13 
U 
14 
11 
14 
14 
14 
14 
14 
16 
10

No of 
\oucher

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
21 
25 
26 
27 
28 
29 
30 
31 
32 
3j 
34 
& 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
05 
60 
67 
68 
61 
70 
71 
72 
73 
74 
75 
76 
77 
78

To whom paid

S S Gannett .. ... ......... 
Pavrollot employees .... -. 
W"S Bajley .... - . .- - --

Oscar J Weiler ... ....

Ira B Weiler . .. .- ..... 
T H Gibson .. . .. -. .....

Frank Sutton . .. .... .. 
H L Baldwin, )r... .. . ...... 
K O fiordon ...

Pay roll of einploj ees . ... 
S S Gannett ... . ...

J H Hagert'i . .. .. ......
KedickH HcKeo .. .. .. 
. do . . ...

. do ..... .. ... ......

W B Cm'-e .... -- .---- 
T Nelson Dilo
W Lmdgren .. ..... .. 
J L Hughes .. . . .. ......i. 
1' H Kearney &. Co .. . . ...

Spatlen & Anderson ... .....

Scliw.ibacher Hardware Co 
G E Hyde . .. .. .. ..... 
W H Lovell . ... .. 
II H Chapman .. .. 
"K it Douglas ........ . 
Tie Sing ...

C J Bickford .. . . ...... .. 
Lee&, Glass .- .- . ....... 
J Jepsen A, Son ... ... 
T G Geidme .... 
Paul Holman . . .... 
W. L Miller ... .... .. ...

Keynolds &.\VheelPr 
Andersen &  Chanslor ..... ...

Highsmith &, Winter.. . . ... 
E T Owenhouse ...... ... 
Fredouck Koch ... . ... .. .. 

. do .... ........

Willarrt D Johnson .... 
W T Gmwold 
.. .do...... ........ .

.do ... ... ... ..... .. ..

Edward B Mathews.. . . 
The Tellnride HercantiioCo . .. 
Frank Tweedy...... . . .. 

. do . .......... . .... 
Samuel Storrow . ....

Thomas Parr^ . ... 
Kohert T Hill .. . .... .

G O Gla-us, jr . . .... 
W. B Corse . ..........

ITor what paid

Tra\ ehng expenses . . ...... 
Services, July, 1814 ... -. .

.. do .... ....... . .
. .do .. ...... ......

... do .... . .... . .. .
. .do .. ... ... . ... .. ..

do... .. . .. .. ... -.
do .. .. -. .. ... .- ..

Hauling property ... 
Subsistence .... - .... 
liavelmg expenses .. .. .... 
Field expenses ..... - .....

. do... - .- ... .-- -.-- --

Field expenses ........ .. ..

Forage, July, 1891 .. 
Field expenses ---   --- - .....  

.. do . ... - -.- .... --
Traveling expenses - - - -

Field expenses . ...... . . 
Traveling expenses -

Services, July, 1891 .. ..... .. 
Supplies ..... ..... ..... ..

Subsistence . . - . -

Field expenses ... -- .........

.. do . ... 
do ..... - -

heivic-es, July, 1814

Field expenses ......

. do . .... ... . . ........
Tiaveling expenses .. ..

Hay and grain ... ... ... 
Shoeing - ... .... 
Material, etc . ............... .. 
Field expenses ..... - -. .. 

do ..... - - .... 
Tiaveling expenses

Subsistence ... . - - - ....

Services, July 1-9 1814 .... 
Services, July 10-31, ]814 
ftervices, Julv 12-31,1894 . .

Field expenses ....... . . -

.. .do ...... . .. ...
do.... ....... . ... ......

Services, July 10-31, 1894

Traveling expenses ... ..... .. 
Field expenses ---- .... .. ...

Field expenses .... 
Traveling expenses ... . . . 
. do . ... .

Amount

$50 30 
397 70 
130 00 
50 00 
60 00 
60 00 
45 00 

100 00 
40 00 
55 00 
10 00 
89 11 

177 00 
62 35 

237 10 
110 18 
597 66 
89 88 
70 55 
40 00 
38 78 
44 10 
87 15 
38 35 
70 80 
90 80 
45 74 

131 R7 
25 80 
33 57 
71 62 
13 00 
15 00 
53 10 
23 15 
14 51 

294 71 
127 65 

5J 00 
71 10 
15 97 
15 97 
71 13 

131 00 
48 00 

4 12 
146 41 
16.55 
10 00 
20 60 
72 b7 
70 90 
16 01 
8 07 

17 75 
32 13 

1 90 
33 30 

8 45 
9 00 

47 41 
36 76 
3b 00 
57 30 
27 55 
36 75 
67 47 
53 22 
21 65 
26 95 
38 90 
11 50 

185 26 
21 15 
77 58 

123 80 
13 00 

7 75
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Abstract of disbursements made by C D Dams, spevial disbursing agent, United States 
Geological Snivey, etc  Contmued

ACCOST, 1894 Continued

Date 
of pay­ 
ment

Ang 16 
16

16
17

18
18
18

18 
18
18
20 
20
O()

20 
20
20
20
20
20
91
91

21 21' 

21 
21
21
21

21 
21 
21

24
24
24
24

24

24
24

34 
24

24
24
24
24 
24 
24
25
25

26

27 
27
27
27
97

27

27
27
.10
JO

i)0

No of 
voucher

70
80 
81

83
Mil

85
86
87
88

89
90 
91

93 
94

07
no

91)

101

Ifll

105 
106 
107 
108

110

112 
113 
111 
115

117
118
119 
120
121

12i

T9K

129

128 
120

131
H2
1 11

134 
135 
1H6
Id7
138

140
141
142
143 
144
145
146
147

149
150
151
152
15)
154

156

To whom paid

T M Baunon . . . . ..... 
H L Baldwin, ii . ....... 
C N Gould .... . . ..
Chailes H Medle> . ...

. .do .......... ... ....
.. .do .......... .. ..... ...
.do ..... . ... 

The Geoigia P.i< inc llwy Co ..

E T Porkins, jr... .. . .. .-

C M King .. .. .. . ..... .
The (TI adon Mercantile Co

TT B Bl.nr... ..... .... . .

. do ...... .... .. . ,. ..

K n Sheaier ...... 
Prank B Held .. ... - . 
B H Doughtiev &. Co .... . 
C H Medley .."... .... ..... .

William H Otis ....... ..-- 
Alex C Barclay. . .... . . 
E M Douglas ..... . ..... . 
T ^"filson T)alG

W H Lovell . ...... . .. .-
Isaac I Lewis .... . . ..... 
H B BUll.. .......... ..... ....
T itoCauley .. .. . ... ... ...

Wt) Cannon ... .... .. ..

M P Hendorson &, Co . . ..... 
Koy J-OV1 . ........ ..

It T Hill ... . .. . ...... .
do ...... . . .. ..... .

.. .do. ... ... .. ... .. ...
... .do...... ... ........

NatTMer ir .. ..... .....

T M Jiannon . . .. .. . 
n B Blair ........... .... ..
A H Brooks .. ...... ..

For what paid

Traveling expenses ..... . . ... 
Field expenses . . ... ...

.. do ...... ... .. . ..

.. tlo .. . ...... ....
do.. .. . .- ... .... .

.. do. .. . .... - . .. .....

.. .do . ..... .. -.
Fi night ... ....

. do .. ... .... . . ..

Field supplies, etc ... ......

.db ... ... ......
.. .do .. ... ... .... . ...

Field outfit . . ... 
Hepairs to outnt ... - - - - 
Suhsistence ..... ... 
.. do .... . ... ..... .. . ..
.. .do .... . .. .
. do ...... . ........

Field expenses ..... . . ... 
. do . .. 

Traveling expenses. . ... .

....do ....... ... .... . ...

.. do .... ..... ........... ..
Subsistence ... .. . .. --...

Boarding, etc ...

Tiavelmg expenses. .... -- --

. .do. . .... .........
Field repairs, etc .......... . 
Hire of team ... .... -

Traveling expenses. ..... .

. do..... ..... ..
.. .do...... ........ . ..... -

Traveling expenses . ... . ....

. do............ ... . ... . ..
.. do .. ... .. .. ..... .......
Field . .... ..... .. ... .....

.. do......... .. . . ... ..

Field supplies . . ....

Tia\elni£r expenses ...... ..

Amount

$16 40 
72 d2 
7 00

15 04
9d 51

118 59
8b 40

4d 45
60 70 

15d 00

94 95 
260 00

51 41

6 55

23 60
96 28
48 Id

174 25 
66 ,!0 
30 09 
8 71

41 22

10 77 
36 51 
34 20

21 25
8 56

14 35
96 15

14 00 
81 53

60 22
16 25

21 75
7 25 
7 25

22 40

26 00

58 65 
12 00

162 17
29 25 
11 80
22 50
15 00
45 85
34 50 
11 45
20 75
20 75
15 15
51 20

130 41
84 05

19 20
77 20 

Ifi2 89
41 41
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Absttact of disbursements made by C D. Davis, special disbursing agent, United States 
Geological Sutvey, etc. Continued

AUGU&T, 1891 Continued

Date 
of pay­ 
ment

An? 30

qn

30 
30
30
*}|"1

30 so
30
30
dO 
30
Q(-l

30

dO 
30
30 
30 
30
30
30 
id
30 
30 
30 
30
30
30
30
30
30
qj\

31
3L
q-i

qi

31
01

Q-I

31
qi

31
3L
qi

31
0]

31 
31
qi

31
31
m
31
31
31
qi

31q-i

31 
31
q-i

31
qi

31
31
31 
31 
dl

31
31
31
31

31
31

No of 
voucher.

157

151
ItiO 
Itil

163

105

167
108 
169
170
171

17.1 
174
175 
170 
177
178
179 
180
181 
182 
183

18<>
180
187
i SB
189

192
ll)3
194
-ific

196
107
198

Ollfl

203

205

207

209
210
211
919

213
214*H5
216
217

219
220 
221

223
224
225 
22 ti

229
230
HOT

O JO

23d
234

To whom paid

I. C Fletcher ... .. ....

0 AV Cross

<7 .lines fetorrs - - .... 
Charles ljerry . . .... .....

. do .... . .- -- .-

. do . . .... ... . 
..do ... .... . . .. .

. do ... . ... - ... 
do .. - ... -. -- - 
do . . .....

.. do ...... ..... ....

.do . .......

. do - - .... .- 
A P Da\is ... 
Pay roll ot emplo\ees ...

.. do.... .... . ..... -.

. do ..... .. ..... .. ..

. do . ... . ..... - . -.

W, H. Walker .. ..........

Charles 11 JKipp. -. ....

llobeit A "Farmer

W H Weed. . - ... .. ....

W J Peters . .... .... ..

Eol>ertT Hill.. . ... .. ..

1'ay roll of employees - - ...

P. H Newell- . .. ..... .
G P Becker .. .. . .... 
G E Hyde ...... 
li B Mathewa. . ....

AV I) Johusou ., ...... .. .. .

For what paid

Traveling expenses - . - .

.- -do ........ . . - ... 
do .. .. .. ..... .. . ...

.. do ..... ..... . . ..... ..

.. do ... . ... .. . .. -

. do ...... . . .... ..

.. do .. . ..... . .-

.. do ..
do .. ..... ... . . ..

.. do.. .. .... ... .... 

.. do . . . ...... 
do ..... . . . .....
do ... ...

. do .. ,. . ....

. .do .... .... . . ..... 
do ... ... ....
do ... . . .......

.. do ......... - ... . 
. do .... . ..... ... --

. do ... .. . . - ... .

. do . ... .... .. .... 
Services, Aug 1-17,1894 . . 
bei vices, Aus , 1894 - 
. ilo ...... . - --
.. do ... ... ....
.. do . . ..... .....

-do . .... ..... ... --
.. -do .- ... .. . ... .... .

. do ......
.. do. . . ... - .... --

do .. .- ..... --
.. do . . . .... ........
..do ... .... .- ...
. do ..... . ..... ...
. do .... . . .. ... ---- .-
.. do ....... .... .... --

.. do. .. . . .-

. .do . . .. ... . -. ..... .. 

. do ..... .... .... ..... ...
. .do.. . . . .... .. 
. do . .. .. ..... -- ..

- do .... . . ....
.. do ....... .. .. .
.. do .... . . . ....... ...

do .. ... . ... . .. .....
.. do . ... . .. .. ......
.. do ... ... . ... - ..........

do. . ........ ..
.. do .. . -'. ... ... .. ...

.. do .. . .... . .. ......
.. do .. .. ... - .. 
. do . . ...... .. .. ..

do. . ..... . .. ..... ..

Traveling expenses ... . .... 
Field expenses ..... 
Services, Ang , 1894 . . .....

... do .. ........ ...

... .do-. ... . - .......

... -do .... . .......... .....

Amount

$44 50

48 91
168 50

36 29
151 60

151 60
151 60

50 00 
44 00

247 70

284 80 
48 22

399 80 
117 90 
188 70

289 80 
120 80
175 56 
92 39 

307 40

205 60
188 39

17 74
9 68

20 32

168 50

20 80 
62 65

24 75
26 34
20 00

46 95 
50 20

192 95
83 42

41 27

817 10
337 00
117 90

252 70 
195 65

884 98 
86 96

53 11 
876 18 
75 00 
94 04

12 40

7 90
15 48

168 50
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Abstract of disbursements made ft// C. D Dams, special disbursing agent, United States 
Geological Survey, etc. Continued.

AUGUST, 1894 Continued

Date 
ol pay­ 
ment

Aug 31

<J1
31
31
31
31
31
111
31
31

31
31

Xo oi 
voucher

°35
2d6
037

233

241
242

244
245 
246

248

To whom paid

.. do .... -. ... -. . ....

... do ...... ... ....... ........

.. do ... . . ......... ..

Charles TJrqnhart    - ...

Total ..... ..... ... - ....

For what paid.

.. do .... .. ......... . . ..
... do ... .... .. ..... .....

.do . ................. . ..
... tin ............. . ..... .....

do .. ... ..... ..... .. ...

... do . ... ... ..
... do ... . . . . . . . ...
Traveling expenses .... . . . . .

.. <lo..... ...... ....
.. do... .. .. -- .. -- --

Amount

5<M 33
237 09

191 70
323 67

55 43

32 90

SEPTEMBER, 1894

1
2
q

4
5 
6
7
8
Q

10

12 
Id 
14 
15 
16 
17 
18 
19

21 
22
91

24 
25 
26
27
tJQ

29 
30 
31 
32 
S3 
34 
35 
36
37 
38
JQ

44
45
46 
47
48

50
51
iffi
53 
54 
55 
56

Charles D Walcott .... ....

W A, L E Gurley... ...........
~W T Griawolil ... ...... 
W M Beainan - . - .

J A Taff .. .- - -- ...

A B Se<»rle . .. ... -

S Newmayer & Co . ...... 
Anderson &* Chanslor. . 
Hnrnphra &C'o . . . ----- 
Ad Frese & Co . . ... 
Reynolds te Wheeler 
Goldheig, Bowen A, Lebenbauui 
A B Kirk ... .. .. - 
W H Feigusou - . .

Joseph Goodmau -- 
if Ti Duuii ... ... .- .. - 
H & McCall .....
Joseph ilanan . ...... 
John BIBS . ...... 
J M HcCausland <v Co .. . . 
Bethune & White -- ....

S Celcstin . -- ... ..-----. . 
J Jepaen & Son . - - - .... 
Shields <V Humphrey . ... 
S J (/chanson - ......... 
Haley Grocery Co . .... 
E C Buchanan ---- - -- - 
Steams & (Jhenoweth . . . . - .
L W T?at»«j

Occidental Hotel.. . ... .. 
Van H Manning .. ... ....

W M Beainan...... ..
K B Marshall ... .
F 1' Gtilhvei . .....

diaries S Press* r - - - - - . -

Carry E Culvei ... -

W S Bayley .... 
George O Smith ..-. . -- . - 
Nick Loiseh ing . - .... 
K T. Seaman .... . . ...

Traveling expenses - . .

Field expenses - ...... 
Tra vehng expenses ..... . .

Services, Aug ,1894 .. . . ...

Traveling expenses . . . .. . .

. do .... .. . .... . 
Supplies .. . ... - -- - 
. .do ----- --.- - - 
Repairs .... ... 

. .do ... . - 
Supplies - . . .... 
Forjgo ... ..... . .. 

-do

Saddle pou> ... . ........ 
Forage, etc . . . . ....

Storage . 
Field mateiMl - ... ----- 
Field supi>li< s ...... ... 
Supplies . . ... . . . ...

Pastur.igo -- ..... 
Material - ... 
Field supplies -- ... ..... 
Shoeing . -- . .... 
Subsistence ...... 
Feeding ...... . ...... 
Supplies .......... .. ...

Boarding .. - . ... ... 
Field expenses

do. . .... .. .....
.. do . ... .. .. - .- .
.do .. . . ..... 

... do .... .. . . ..... .....
do .... - . .. 

.. do . .. ..... ... .... .
do ...... ........ .....

. do ... - .- .... ....
.. do .... .... ......... ...
..do . - - - ... 

do ... . .... . 
Hire ot horse . .... . ... 
Two horses .... . .. .... ..

$3S 53
6 95
6 00
2 50
25 10
50 40

 83 25
58 70
04 84
25 50
50 25
47 67
23 50

10') 06
20 00
46 1)5
7 85 

11 50 
36 00 
24 84 
,iO 00 
4') 50 
Ij 97
8 00 

2d 70 
21 75 
]6 43 
22 00 
 27 90 
40 85 
39 60 
4 00 

30 24 
12 00 
20 20 
37 15 
20 00 
55 05 
15 75 
49 00 
2 85 
62 89 
67 00 
20 32 
40 32 
96 00 
60 00 
60 00 
40 CO

108 00 
55 00 
45 00
135 00 
50 00 
14 50

250 00
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Abstract of disbursements made by G D. Dams, special disbursing agent, United Stales 
Geological Survey, etc. Continued

SLPTEMBER, 1894 Continued

Bate 
of pay­ 
ment

Sept 10

10
10
10
10
10
10
10

10
10

11
11
11 
11
11
1111
11
11 
11

11 
11
11 
11
11
11
11
11

11
11
11
n
11
11
12
12

1 9
 10

13
1 3

Id
13
14

14

14
n
15
15
17

17
17
17
17
17
17
17
to

IB

1R

No ot 
voucher

57
58
59
60
61

63
64
65
66
67
08 
69
70
71
72 
73

75
76
77 
78 
79 
80
R!

82
QO

84
85 
86
R7
00

on

90
91
92
93
94
QK

90
97
98
99

100 
101

104 
105

107
1 ftR

109 
110
111

113
114
115

117
118 
119
120 
121

123
124
125
120
1 97

128
129
130 
131
132
133

To whom paid

"W E Beckwith .. . .- ....... 
W. S Bajley ........ ... .....

.. do .. ... .......... ...... .

C Willard Hav 03

A T Elliott - .- .... ....---.

John P Outhwalte...... - - -  
G K Gilbert ...... . .... . - -
... do ... .. ... . -- -.-.--

... do ... ... .... --- . --

Telluride Mercantile Co ...... 
J H Jenmngs.. .- .... .. -- 
Pay roll ot employees . . . .

M Gleaaon & Son..... . ........

T Nelson Dale .. .... .. ...

E Fee ... ..... ... ..........

... do . ......... .... ... ....

.. do .- .. .. . .. .........

Haynes Bros ........ - - ... 
N S Shaler. .......... .........

John H Kenshawe. . . .......... 
W T. Gnswold .... .. . ..... -
.. .do ........ . ........... . ..

Andrew C Lawson . . ... ..... 
.. do ...... .. ...... -. ......

J H Lewis . . . .......

\V B Corse .... ..... ........ 
KobertT. Hill .. . . ---..-

C F Edm . ....... . . ...

A E Murhn . ......... .....

W H Lovell - - ...........
Gilbert ThomDson... ......... .

For what paid

Traveling expenses . . -

... -do ..... . . ...

.. do .. . .... . ..... .
... do . ... ..... - -. -.

Boarding . . ... .........

Traveling expenses ......

.. do ... ............ ... ...
Subsistence- -- ...-.---. ... 
Tiavehng expenses -..--- . 
Services, Aug , 1894 .- .......

Subsistence - - ... - - . ... - . -

Traveling expenses ......

do . .. -. -..-.-- --
.. do . . .. .- ---- - --
.. .do ..... .... . ..... -.
.. .do - .- .- ....--.-..-- . -.

do . ..... ....... -- .-

Camp outfit ... ..........

Traveling expenses ........

Traveling expenses---. .- .... .

. do .. ... .. .. ... ......
Boarding .. . -- ... 
Services, Sept 1 12, 1894 . ...
Traveling expenses - ... .....

. do . ...

... do . . .. ..... -. .- ...
-rto ... ...... -- - -.

Traveling expenses . . ..... ...

... .do ... ... ...... .. .. ..

Amount

$8 91 
64 90

129 b5
79 50

158 62
64 97
4 75

21 25

59 51 
80 16

175 50
39 50 
49 75

103. 65

105, 70
40 54 
28 83 

5 16 
70 15
34 45
53 29 
72 88
37 05
33 88 
01 29
85 16
24 50
13 25

29 00

32 79
36 44
69 48
55 50

112 99
62 45
25 96
02 30

78 46

40 25 
Jfl 55
35 05
55 12
10 25
56 10 

150 00
56 00
35 00
44 90

159 95

47 69
14 15
15 50

22 75

54 81
01 80
45 48

140 65

83 80
39 60

4 50 
124 43

80 d5
- 41 65

16 GEOL, PT
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Abstract of disbursements made by C D. Dams, special diubursing agent, United States 
Geological Survey, etc. Continued.

SEPTEMBER, 1894 Continued

Date 
of pay 
raent

-it)

18
in

1Q

20
20

20 
20 
20
20
20
21 
21
21

20
21
24

24 
24
24
24
24
24
25
25
91
oe

25
30
30

30
30
30
30
30

30
30

0||

30
Ort

QA

30

30
30

30
30
30
30
30
30
Ofi

30

30
30
Of)

30
so
30
30
30
30

No of 
voucher

134

135
136
137
1OQ

139
140
141
142
143 
144 
145

147
148 
149
150
151
152
153
154

156

158
159
100

162
163
164
165
166

169

1 79

173
174
175
176
177

179
18(1

181
182
-1530
184
1 oe

186

188
189
190
191
1Q9

191
194
1QK

197
198
199
200
201

204
205

207
208 
209
210

To whom paid

house Co 
L C Fletcber .. . ... ..... ... .

Merrill Hackett . ......

T M Bannon ... -. .... . 
T C Dickey ... . . .. ...

Van H Manning- .. .... -.

A P. Davia .... .... ..........

E H McKee . . .... ........
W S Post ... - -- --- -----

E C McKmnev .. - . ... --

G K Gilbert..... ... .. . ....

W L Miller.. .... .. ...... ..

W S Eayloy . ... ... .. ....
W H Weed...... .. ..... ..

do..... .. ... ...
.. do .. ... .... .. .-
.. do .... . ........ ... .
. do ..... ............. .. ..

.. tlo . . .... ..... .

.. .do . ..... ... .. ....--

.. do . . ....... .... - .

.. do... .. . ..-..-

.. .do ....... .. ........... .
... do . ..... ........ .. ..

do ... ... . .. ... ... .
.. do ......... ..... .. ..
..do . . .... . ... ...... .
.. do .. . .... ...... ..... .
.. do ... . - .... .. ..

.. do .... ..... . .. .. ...

.. do .. . ........ .. ..

.. do ... ............ .... ..

T Nelson Dale
JohnH Reushawe . .

W H Lovell -. .. .... ... --

For wh.it pa'id

.. do .. ... ... .. ..

Field expenses .. ..... 
Subsistence. ...

Field expenses. ....

... do... . ...... ...
do ... ... .....

. . do .. .. ...... .. .. ..
Traveling expenses ..... . .

.. do .. ...... ..... . ..

.. do ...... .- .......... ..... .

.. do... . ....... ..... . ...

... do...... .... .... ... .. .
.... do ...... ............. ..
... do .. ... ...... .. .....
... do ........... .... ......
. do ...... .. ...... . ..

.. do .. ...... .. ..... . . ..
... do ...... ....... ... ... ...
.. do...... ..... ...... ..

.. do .... . .... .... ...

.. do... ... .. ... .. .. ...

.. .do . ...... ..... ... ....
.do ..... ......
. do... ........ .....

.. do . ........ ..... ..
. do ... .... . .. .... ..

. do . . ... ... .. ... ...
-do . . ..... ..... .

. do ...... .... . .. . ....
. .do...... . ... ... -
. do. .. ...... . . ..

. .do ....... . . .. ... ..
.. -do. . ... ..... .... .

. .do......... .. ... .. ....
.. do .... . . ... .........
.. .do... ... . . .... ...
.. .do. ......... .. . ..
.. -do .... ...... .. ....
.. do .. ... . .....
..do ... .. .... . .....
.. do. ... . .. . .........
..do ....... ....
.. do . .... .... . .. .

... do .... . ... . . 
.. do ... .. .. .. .. .. ...
.. do ........... .. .. ..... .

Amount

151 80
124 16 

9 90
5 ltd

166 77
9^8 8'?

32 05
94 28 
29 76

41 09

74 W 
50 55

38 02
43 08

67 82
U 75

69 47
72 74
33 75

13 'f>
15 06
11 38

12b 91

163 00
146 80
146 80

60 00

50 00
81 60

81 60

34 00
334 60

2 25
146 80
220 20
171 60
267 20
239 uO
358 55
352 20
126 60
341 00
187 60
215 40

287 03
255 20
267 40
254 20
297 00
379 60
318 80
378 80
546 20

~ 95 00
198 80
130 40
97 80
21 f)2
72 60 
45 90
61 50
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Alstsact of disbursements made fcy C D. Dams, special disbursing agent, United States 
Geological Survey, etc.   Continued.

SEPTEMBER, 1894   Continued

Date 
at pay­ 
ment

Sept 30 
30
30
30 
rfO

30
30
30
30
,10
in
on

30
30
30
Ofl

30
30 
30
3f1

30
Oft

Of.

30
30
30
30
30 
30
30
30
30
30

Jfo of 
voucher

211

911

214 
215
216
217
91ft

220
991

222

224
99 K

226
997

99ft

229 
230 
231
909

90"!

235
23b007
239

To whom paid

Pay roll ot employees . - - - - -

.. .do... -- -- --

....do..-. ----- ---- --

.. do -. . --- ---- -.  .-

.. 'do ... ---- --.- ........

.. do... .. ---- - - ---
James L Johnson ... . - 
Bailey Wilha ...... .- 
J S Diller - .- ......
"W S Bftvlev

.. do . .... -- .--- - ---
S IT Emmons .. .. . ......

BaileyWilhs .... ... .. .......

Total ---- ... . . ... --

For what paid

Hay ... . . .... ...

Services, Sept , 1894. .. ... ---- .

... do .- -- ... .. -. -. -
.. .do ----- ... . -. ... -

.. do ...... ... . . .- .

.. .do -- - ..... ......
. do - .- ... ... ... . -

... do - ... .. ... ..... .

... -do . ..... .......... ...

. . do... ... ..... ... .... ....
.do . .......... .... - ...

... do. - .. .- -- ---.--.
.. .do...... .... .- ... ... ...

.... do .- .. . ... ... -. .-
Traveling expenses.. .... . - - 
..do ... ........

... do.--- -. ..... .... .... -
.. do..-. - ----- .--- .... --
.. .do ... -. -- -- ----....
. do .. ..... ..... ......
. do -- -. . ..... -- -

...do ... ... -.--
Traveling expenses . ...

. do ... - - ....... . .

.. do.--.- .. .... . ----- - -

Amount

$56 55
45 00

5 25
335 40

790 80

326 00

163 00
179 40
114 20

212 00
238 80

13 57 
12 05 

395 GO

55 00

23 83

222 80
37 75

118 51

75 00

24, 036 23

OCTOBER, 1894

Oct 8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8
»
8 
8 
8 
8 
8 
8 
8 
8

1
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
H 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35

J E Wolff .. ... .... - .
.. do . ...... .. . .. ..
Frederick Koch ..... . . .....

William B Clark - - 
Charles Harvey ... - - - - . - -

E B Mathews.. - - .....

H Gibb ........ ...... ..... -
Lobban & Hine .......... ... 
S F. Emmonq - - - ......

VTT TT \V onr!

A H Washburn .. .... .. . 
M P. Henderson & (Son ..... - 
James Hennessy . . . .....

A T? Mnrlm - -- ...... - ... .-
H L Bald « in, IT

Pay roll of employees - - -

... do ........... .............

Traveling expenses - . . .

. do .... ...... . ... .-
Services, Sept , 1894. ..... . . 
Servi< es, An# , 1894..-. .- . .. . 

do -- - ..... - ......

.. do ..... .. ....... ........
. do -. -- ..... 

Services, Ang 23 to Kept 30, 1894 
Services (job) .... 
Storage ........... .....

. do... -. ....... .
.. do .... .... .. .... ..
Subsistence .... - .... 
Pasturage ... ..... - - - - - 
Storage .... . ..... 
Hire of horse .......

Field expenses .... -- -- - - 
.. .do ... - .- ... - - -----

. do . ..----..... ... -- .- -

. .do ... .. -----
.. .do - ....... . ... -- -- -
.do .......

. do ... . -- -.---- --

.. do .---- --- -- --- -  

Senices.TSept ,1894. -- - ----- 
.. do ..... -- -- .-- -- - ---

.... do ........ ........ .. ...

$46 41 
10 83 
51 90 

105 00 
70 00 
60 Ofl 

100 00 
50 00 
GO 00 
75 00 
64 51 
15 00 
6 30 

132 65 
113 51 

81 25 
22 60 
18 71 
16 00 
90 00 
13 60 
IT 90 

104 40 
101 10 
67 43 
76 85 

168 54 
34 83 
85 GO 
42 53 
38 15 

121 70 
256 50 
312 46 
293 00
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Abstract of disbursements made by C D. Davts, special disbursing agent, United States 
(Geological Survey, etc. Continued.

OCTOBER, 1894 Continued

Date 
of pay­ 
ment

Got 1
g

g

g
g

g
g

0

!)
!)

9
9
Q

9

9

10
10

10
10
10
10
10
10
10
10
10

1111
12
19

12

19

12
12
15
15
15 
15
15
15
15
15

18
17
17
17
18 
18
17 
18
18

No of 
voucher

36
07

38
qq

40
41
42
43

45
46
47
48
49
50
51
52
CO

54
55
56
KQ

59
60
61

63
64
65
66
67

70
71
72
73
74

76

7Q
79
80 
81
82
S3
84 
85
86
Q7
QQ

39

&1
92
QQ

95
9b
97 
98
99

101

104
105

107
108

110

112

To whom paid

....do ...... .......----........-.

.. -do ..... .- ..................

H B Blair.   ...... .............

C IV /"i-ivkaa

N S Shaler ...... ... ...........

Robert T Hill ..... ........ ...

H K Ward ........ ............

... do...... ........ .. ..... ..

Nat G. Tan Doren ........... ..

T C Schrader .... ...... . .. 
B B Clark .. - .... .........
G.F Becker. . ... ...........

H B Blair--.-. -. . ...... ..

W T Walker

"W. H Lovell ..... ..... .. .. 
.. do........ ..... ........

G K Gilbert. ..... . ... .. ..

Ad Frese & Co ................

T C Schrador ..... . ...........

Mam & Winchester .....

For what paid

.....do ........ .. .. .. . ...

.. do ............ .. ... .... ...

.. do ...... .......... ..........

.. do - . ....... .... .........

... do - .... .... ..... ...

.. do... ........... ...........

.. -do - .. ...... . ......
do . ..... . ... .. ....

Traveling expenses ...... .. ...

Services, Aug , 1894 - - - - . . . ...

....do .. .. ... .. .... .. .....

... do ..... . ... .. ... ......

Field expenses ....... .....

... do .. ........ .... ... ....
Instruments, etc ...... . . .....

Traveling expenses. ............

Supplies...... .... .. ..... ..

Amount

$19 45

50 00
115 00

5 70
49 07
35 70

279 96
61 49

180 25
26 65

136 94
6 00

]14 75
74 91

185 13
98 14
11 00

3 00
126 00

45 CO

23 28
12 00

6 83

207. 09

49 52
135 25
57 20
23 95
18 50
34 00
29 45

24 27 
158 48
39 00
41 40
21 77 
46 16

50 10
314 96
111 50

25 50

24 20
14 35

111 CO

95 48

57 35
154 37

90 02

26 75
75 42
67 72
49 34

9 00 
10 00
49 73 
37 05
12 00
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Abstract of disbursements made by C D. Davis, special disbursing agent, United States 
Geological Survey, etc  Contimied.

OCTOBER, 1894 Continued

Date 
of pay­ 
ment

Oct 18
38
IB
18

18
18
18
18

20

20
20
20
20
20
20
20

20
22
Oq
no

23
24

24
24
25
25
25 
25
25
31
31

31
31
0-1

31
31

31
01

31

31
31
31
31

31
31
31
31
31
31
31
31
31
31
31

31

31
31
31
31

31
31
31

31 
31

No of 
voucher

1 1Q

115
116
117
118
1 1Q

121

123
124
125
126
127

129

131
132

134
135
136
1O7

138
1QQ

141
142 
143
144
145 
146
147
1 19

149
i ^n
151
ICO

153
154
155
1 *»fi

IKQ
160

162

161
165
166
167
168
169
170
171
172
170
174
175
J76
177
178

179
180
181
182
183
184
185
186
187
188
189 
190

To whom paid

WLWilson... ........ .. ...

J A Edie.. ..... . .............

H B Crocker... ....... .. ....

.... do............................

.. .do.... . .......... ... .....

.. do ............ ... .. ....

.. do..... . . ......... .... .

.. .do. . ..... .... ... .. . .
... do ..... . ... ......... . ..

.....do ..... .... .... ... .....

... do .. . ...... .... . ... .

... .do .................... ...

... -do . .................. ......

.... do ..... ........ ...........

... .do .. ..... . ...... .... . ..
J B Woodworth. ... .... ......

.. .do ...... .... . . ...... ...
... do ... .... . .. ...... ..
... .do .... . .... .... ... ...
B M Towson ... ..... 
J H Hagerty. ..... .... ... ...

For what paid

....do .. ....... .. ...... ..

. do.......... . ... . .........

. do...... . .. ..... .... .....
... .do ... ........ .........

Services, Oct 1-20, 1894 ........ 
... .do ....... . ..... ..... .....
.. do .......... .. ...... .....

.....do....... ............ .......

.. .do ... -. -- ..... ... . ....

... do ...... ... .. .......... .

Subsistence... ...... .. . ... 
Hay ............ ... .... ....

Services, Oct , 1894 .. . ...... 
.. do.. . -- ... ..... ....

.....do .... ---. ........ .. . .

... .do ..... ... ....... . ......
.. .do...... ... . ...... .. ...
.. do...... .. . ..... ...... .
.. do .. .. ................ ..
. do...... ........ ..........
... do ... . .................. .
.. do .... ..... . ......

.. do ... . .- - ..... ..........
.. do .. .. ............ ........

... do...... ... . .... ...... .
.. .do ..... ... ..... ....... ..

... do...... ... ........... ....
.. .do .... .................. .
.. do.. ... .... ............ ..

. do .... ..... ..............
... .do--..--.--......--....... ...
... do ....... ... .......... ...
... do . .- .... . .... . . .....
.. do.   ....... . ... ... ..
.. .do ..... ............ ..... ..
. do.   - ...... . .. ...... ..

.. do.................. .... ..

.... do ................. . ....
.. .do ..... .- .. ... . .....

.... do ... .......... .... ....
.. do .... . ...... ........
.. .do ..... .. .... .........

. . do ..... ... .... . . ... ..

. . .do ..... ... .. . ...... .
.. do............ ........ . ..
.. .do . . ......... . ..... ..
.. do .. .... ...... ........
.. do ... .......... .... ...

... do ............ ..... ........
.. do ............ . .....
.. do................ - .- ....
.. do..- .... ...... ........

... do . . ....!...... ........

... do...... ... ...... ........
.. .do . . . ...... - ...
Field expenses ..... ..... 
Forage ... ............. .. . ..

Amount

$42 15
13 32
81 V7

RR Oft

131 65
31 10

190 00
38 70 
32 25
32 25

190 9fl

40 00
43 39

100 17
an ID

69 50

30 65
AO 87

80 77
88 40

105 03
83 85

165 00
62 69

41 51
24 72
80 98

168 50 
151 60
168 60
151 60
151 60
60 00
40 00
84 20
84 20
75 00

151 60
151 60

75 80
174 20

245 60
696 07

315 80
325 60

84 20
DO 00
35 00

129 20

347 90
349 50
361 40

185 30

255. 60
117 90
50 00

117 90
455 60
234 68
276 73
339 80
205 60

CO 20 
14.17
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Abstract of disbursements made by C. D. Davis, special disbursing agent, United States 
Geological Survey, etc. Continued.

I OCTOBER, 1894 Continued

Date 
of pay­ 
ment

Got 31
31
31
iil
31
31
31
81 
31
81
31

01

33iii
31

31
81 
31

No of 
voucher

191
1 Q9
393
194
195
190
197
198 
109
200
201
202
203
204
205

207
208
209 
210

To whom paid

W H Lovell ....... ............

Pay roll of employees- ............

.... do ....... . ... .. ... ......

... do .... .. .- . ...........

G r Eeckei.... ........... ..
Pay roll of employees--.- ........

Total......................

For what paid

Services, Got , 1894 .. ........ 
.... do... ... ....... . ..
... do... ... ...... ..... .....
.. do.... .... ........

... do............ .... ..... ..
....do............ ... ..... ..

.... do ... ..... .. ... . .. ...
....<lo... ..... ..... . . ......

Services, Oct., 1894 ...............

Amount

<tjOO on

10 10

98 43

24 03
261 43 
240. 60
276 40
253 37

25 04
337 00
337 00
168 50

1,154 10
1 173 80

87 60
219 00

NOVEMBEB, 1894

NOT 10
10 
10
10 
10
10

10
1 10

10
10

10
10
10
10
10
10

10
10
10
10
10
10
10
10
10
10
10
10
10
10

10
10
10
10
10
10
10

10
10
10
10
10 
10

2

4

6
7
g
9

10
11
12
19
14
15
16
17
1 fl

10
20
21
99

24
OK

26
27
28
29
30
31
82
33
34
OK

36
37

39
40
41

<tl
45
46
47
48 
49

....do...... ........ ............

... .do ...... . . ... ...... ....

W S Poat... ........ ... .......

B B Marshall.. .... ...........

....do ............ ..... ........
.....do .... ............. ... ....
.....do ........... ...............

G B Hyde ........... ......
S S Gannett ......... .........
.....do .... ....... ... ...... .. .
W.S Lovell....... . .... ......

F P Gnlhver.. .. ...... .. ... 
... do .................. ... ...

W H Weed.... ...... .........
B T.Hill ...... ... ...... ...
J E W«lff ................. .....

.. .do ................. .........
Jra B "\V6lIpr
C K.Leith ..... ..... ...........

Frank Leverett ..... ........... 
A. J. Steele.... ........ .........

Services, Oct , 1894 ..... .. ..

Field expenses ... ... . .......

... do...... .... ........... ..
... do ........ .. . .............
.. .do ... ........... ........
.. do ..... ........... .... ..
.. do .... . .....................
.. do .... .... ...... .. ..
. do . ... ..... .... .... ....

... .do.. ............. ... .. ..

... do . . ............... ....

... do ..... ..... ... ....... -.

... do ..... ..... .... .........
. do .. . . ..... ..... ..

... do .. . ...... .. ... ......

.. do .... ... .. . ... ....

.. do..--- ... .. ... - ..----
... do ... .. . .. .. .... .
.. do ........ .. ... -. . ...

... do .... .. ... .. ... ......

Traveling expenses. ...-.-. --

do ...... ........... ........
do.-... . - - ---- -- -- --

... do...... .... ...... ........

.. do...-. . . ..... ........

... do.. . . ...............
... do...... . .. ................
... do.... .... .... ......
Services, J uly 1 to Oct 31,1894 ... 
Services, Sept 1 to Oct. 27, 1894. . .

$101 2i
117 9( 
20 7,
20 2J

73 3(
107 7,
43 4
41 0
35 &.

116 5

26 8
22 8

8 2
30 7

226 1
302.4
58 0

158 0

169 5
<)9 &
27 3
55 8

360 6

92 6
63 6
4.8
8 2

91 0
38 5
66.7

9 5
11 51

7 1
34 3
25 0

235 0
495 0 
112.1
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Abstract of disbursements made by C. D. Davis, special disbursing agent, United States 
Geological Survey, etc. Continued

NOVEMBER, 1894 Continued

Date 
oi paj- 
meut

10
10
10 
10
10
10
10
10 
10
10
10

10
10

10

12
12 
12

12
12
12
12 
12
12
13

13
13
13
13
13
13
15
15
15
15
15
15

15
15
16

15 
16 
16
16
16
16
16
16

16
16
17 
18 
18
18
10

18
19
19
19 
20
20 
20
20 
20 
20
20
20
20

No of 
voucher

50
51
KO

54 
55
56
57
58
59 
60
61

64

66
67
68
69
70

72
73
74
75
76
77
78
79

81
82
83
84

86
87
88
89

91
92
93

95
9b
97
98
99 

100

102

105
106
107
108

110 
111 
112
113

115
116
117
118 
119
120 
121
122 
123 
124
125 
126
127

To whom paid

C R Van Uise

Rosette & Beaty...... ..... .....

F H Anmworth...... ...........

H B Blair....... ... ..... ....
L C Fletcher .............. ...

R U Goode ... . ..... ........
. do ..... .. . .. ............

Hersey Mnnroe ........... ....

William B Clark .......... . ..

Isaac Munroe .... ... .. ...

. do . ..... ..... ..... ..
M K Campbell .. ........ ....

M K Campbell ...... . ... ..

A M Walker . .... . .. ... 
,1 W Wartsworth ..... .. ..

.. .do ................ .......
. do ...... . ... ..... ..... .

.. do.... . .. ........... ..

TP 'P Turn er

Pay roll or employees - - . .... 
Goldberg, Bowcn & Lebenbaum

E B Marshalf ...... . . .....

"W H Lovell ..... . . .....

W K Manning . .. ...

Adolpb. Lietz .... .. .. ... . 
John T Braddock .. .. ..

George H Barton ...

Van H Manning ... .. ...

For what paid

.. do . .. ..... .......... ..

Field material ... ...... .. ...

Traveling expenses ..... .....

.....do ...... ..... ..... .. . .

... do ... ..... . .............
.. do .. .. ... ..... ......
... do ...... ... ...........
.. do .. .... . . .... .....
.. do... ...... ... .... ..

Field expenses ...... . . ... .

.... do ... ... .. .. ... .. ..
.. .do... ...... . ... .. ..
Services, NOA 1-6,1894. ..... .. 

do .... ... . .. ..

Traveling expenses ... - ...

.. do ... ...... .. .....

.. do ..... -. . - ..... ..

... .do . ... .. . ...... ....

. .do . -. ..... .. ... . . ..
.. do .. ......

. do ... ...... .... ... .

Traveling expenses - - ..... 
Freight charges .. ....

Services, Oct , 1894 ..... .. .. 
Subsistence . . ...........

.. do ... ... . .. . .... ......

.. do ...... . . ... ...

Field expenses ..... ....

. do . ..... .... . .. ..

Kepairs ... ...... .. .. .... 
Subsistence.. -- ...... .. ..

Traveling expenses. . .... 
... do .. .... . .. .. .....
.. do ... ..... .. ....

Amount

54 43
31 70 
52 10
84 91

8 75
31 00
16 40 
57 20
39 75

148 40

145 12

236 39
7 70

117 15
141 10
24 10 
57 50
20 01

105 00

8 00

(.5 20

li 01
76 57
67 92
49 50

99 11

68 53
67 50
16 00
10 66
12 00

53 50
102 02

99 92
28 18 
28 45 
25 83
60 00
24 00
87 57
44 12
65 00
16 00
27 00
72 06
95 00 
24 60 
17 74

56 '«
154 34
8i d5

99 37 
20 00
22 50 
44 01
27. JO 
36 46

55 04 
35 60
49 20
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Abstract of disbursements made ty C. D. Davis, special disbursing agent, United States 
Geological Survey, etc  Continued

NOVEMBER, 1894 Continued

Date 
of pay­ 
ment

99

20

91

21 
22
22
99

22
99

22 
2,i
91

23
93

26
23
23 
23
23 
23
24
24

26
26
30 
30
30
30
QA

30
30
QA

30
30 
30 
30
30

30
Ort

i<0
30

30
30
30
Ort

30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30 
30 
30

No of 
voucher

129
130
131

133 
134
135
13fi

138
139 
140
141
142
14Q

144
145
146
147
148 
149
150
151
1K9

153 
154
155 
156
157
158
159
160
161
162
163
164 
165 
106
IB?
168
109
170
171
172
173

175
170
177
178
179
180
181
182
183

185
186
187
188
189
190
191
192

194
195
196
197
198
199
200

202
203 
204 
205

To whom paid

NatG Vanfloren. .. . .. ....

L J Labaree . ...... ..

G E Hyde ......... .... .... ..

A M "Walker

D C Harnson ......... 
... do . ... . .. ... - . ......
J A Taff....... ... . .... .....

.....do. .... .. ... .. .....
W C Mendenhall . .... .....

B Peyton Legare ..... . . . . 
W T Walkei . ......... .. ...

... do...... ..... .........

... .do ...... .. ............
M P Henderson & Son . . ...... 
li C. Fletoher ..... ..... ....

do..... .. .. .... ....

J C Blhott. . . .... ..... ...

Kobert T Hill . .... .

W B Corse ... ... .... ......
.. do ...... . ....... . ......

. .do . .. ...... .. .. .. .. .

"W J! Corse .. ....... .. ....
K C McKinney . .. ....... .
W S Post .- ....... ..... .....
K H Marshall . .... ......... .

.. do..... ... .. . ... ... .

E A Goodnongh ..... . .... 
E T. Perkins.jr. ......... ..... 
B C McKmney, .. .... ... .....

For \v hat paid

.. do ..... .

Traveling expenses. .- ... ..

.. do............ .... .. . ..

... do...... ... . ......... ..
... .do.......... ... .... .. ...
Hire of transportation ..... . ...

Traveling expenses ..... .

Traveling expenses. .. ..........

. .. do...... ....... .. . .... ..
.. do .. ..... . ...

Services, Nov. 1-13, 1894. ... ....

Services, Nor , 1894 . . ....... 
.. do ... .. ., . .. ....

. do .............. ... . .
.. do .... .... .. . ......
.. do. .... .. .. .... -. ...
.. do ........ .. ......
. do .. .. ........... . .....
.. do ..... ..... .. ... .. .

... do.... .... ..... ....
Kent of storeroom . ..... 
Field expenses .....

.. do ...... .. .... .

.. .do ... . .. .... .. . ...

.. .do ... .... .... ....

.. do ........ .... ...

.. do.... .... .... ...........

.. do . ..... . . ..
.. .do ....... ....
.... do ... .. ....... .. ......
.. do...... ... . . ...... . -
....do .. .... .. ..
.. .do ... ....... .. .. ..

... do . ... .... . .. ...

... do .. ... . ... ..... .. . . .
.. do . .... ..... . . ....
.. do . . ..... .. . . .

. . do . ... .... .... . ..

... do .. ... .... ..... . ..
.. do .. .. ...... .

... .do .... . .. .......
... do ...... . .. .. .....

.. do .. ..... . ..... .. .....
.. .do..... ... ..... . ....

.. do ..... . .. ..... .. .....

... .do ... ...... ... . .
.. do.... ..... ... --
.. do..... . .... .....

.... do .. .. . ... .... .....

... do.......... . ... .- ......

... .do ..... . .... .... ..
Bent of store room . . .... 
Services, Nov , 1894- -. .... . 
.. do ..... ..... .. ..... ....

Amount

$41. 25
OO crt
99 EA

212 96
127 00
22 23 
66 45

110 30
18.00

101 50
27 25
31 00 
8 33

78 83
87 05

8 25
48.72
55 20 
27 00
43 50 

236 76
114 25
Hi 25

77 46
21 66 
28 77
73 40 
i3 00

81 60

258 03
H8 BO

11 iO 
93 24 
11 50

146 80
71 40

73 46
171 20
811 40
114 20
146 80
140 80
75 00
81 60

163.00
45 00

326 00
2,104 72

179. 40

36.00
24 00
81 60

218 18
17 50

39 62
18 25

138 07
54 35
60 50
16 00
29 75
70 00 

130 4fl 
130 40
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Abstract of disbursements made by C. D. Dams, special disbursing agent, Umted States 
Geological Survey, etc. Continued.

NOVEMBER, 1894 Continued

Date 
oi pay­ 
ment

Nov 30 
30
30
30
30
30
30 
30
30

30
30
30
30
QA

Of)

Q(\

No of 
voucher

206

fifift

210
Oil

212
91 -1

214
215
91 R

217
218
219
220

non

To whom paid

Paul Holman .. .... ..... ... -..

... do .... . - .. ...........

F P Johnson ....... . - -

H B Blair... ..... . .. -----
... do...... . .... ...... ..---.

.. do ...... .. ... ......... ..

For what paid

Services, Nov , 1894 . .... .. 
. do ..... . ........ . ..
. do .... ........ .. .. ..

.. do ..... ..... ... . ..... ..
... .do ..... ..... .. ..... ..
... .do...... .... .... .... ...
Boarding stock ...... . .....

.. .do ... . .. .... .. .... .

.. .do ... ..... . .......

. do .... ... ....... . ... ..

Amount

$81 60 
2U9 20
338. 40

68 40
25 00 
52 35
28 d2

95
157 61
60 00
50 00

135 t>5

DECEMBER, 1894

Dec 4 
6 
6 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

  49 
50 
51 
52

B Peyton Legare ..... .........

.... do ......... . ..... .......

... .do .. ...... .................
. do ............ .. ............

G K Gilbert ..... .. .. ... ....

.. .do ...... .. ..... . .... .

.. .do .......... .... .

... do ....... .. -. .- ....

C K Leith :.............. ..... .

P C Schrader - ........ ......
F P Gulliver. ...... ...... .. 
Robert G Hill...... ... . .. ..

-. -do .... . ..... .. .- -- -

.. .do ......-.-.---..... . .

J H Hagerty. -.--.. ... .- -.

Pay roll ot employees . . ....

A H Washburn .. .. . . 
O. E Harper .... . .

... do - - .... .- . ..... ..

Dnncan Eaunesan . .........

Traveling-expenses. .. .. .....

.....do ...... ... -. ............
... do .... ............... . ...

.... do ...... - . ..... .........
Services, Ott, 1894 ..... . 
Services, Nov ,1894.. - ... .. .

.. do . .......... ... .. ... ..

Services, Aug 16 to Sept 8, 1894 
Services, Sept 17-20, 1894 ... .. ..
Services, Nov , 1894 .... . . 

. . do ... . .. ... .. ...
.. do... ..... ... .... ......
.. do .. ......... . . ...
.. do . - ....... ... ... . ..

.. do .. ... .. .. .........
Traveling expt n-se-a ..... -. ...

.. -do ...... ... ...... ..... ..
... .do... . . .. ... ..

..do ...... .. ........

.. do .. ........ .. ............
... do .- ..... - ..... ..
-. do... - ... .....
. do ....... .. .......... .. .

do ... . .. ..... ... .

Services, Nov , 1894 . ... ....... 
Services, Dec , 1894 . . . ...... 
Services, Nov , 1894 . . . . ... 
Traveling expenses . . . ....

. . do . .................. .
.. .do ..... .... ..... ..... ...
Pasturage .... - - . . ....
Services, Nov , 1894 .. .. .....

... do . . .... .... . ... ...
. do ..... .. ..... ..... .....
. do... .. . .. ..... 

Services, Sept 1 to Oct 22, 1894 . . 
Travehnff expenses .. ...... ...

$125 98 
65 38 
68 30 
60 75 
63 30 
7 90 

50 00 
36 67 

412 80 
76 70 

103 68 
8 17 

84 00 
16 00 

220 00 
86 00 
80 00 
43 25 
52 00 
55 00 
75 00 
68 50 
63 85 
35 15 
79 85 
J4 00 
31 32 
45 94 
20 55 
29 02 

8 75 
50 98 
32 15 
32 90 
85 85 
43 65 
39 00 

5 16 
161 60 
73 77 
62 70 
37.15 
89 75 
28 03 
14 60 
50 00 
23 00 

321 80 
222 80 
345 20 
197 90 

3.41
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Abstiact of disbursements made by C. D. Dams, special disbursing agent, United States 
Geological Survey, etc. Continued.

DECEMBER, 1894 Continued

Date 
of pay­ 
ment

8

10
O

10
8

10 
8

8 
10
10 
11
11

11
11

10

10

12-i A

12
12
12 
12 
12
 iq

13
13
 10

13 
14
14
13 
14
14
14
14
15
35

15
17

17
19 
19
19
19
19

10

19 
20
20 
20
20 
20 
20
21
21
20
21
26
26
Ql

27
28
28
28
28
28
31

No. of 
voucher

53
54
55
56
57
58
59
60 
61
62
63 
64
65 
tit)
67
68
69
70
71
72
73
74 
75
76
77
78

80 
81 
82
83
84
85
86
87 
88
89 
90 
91
92
93
94
95

97
98
op

100

10.J

104

106
107
108
109 
110
111 
112
113 
114 
115
116
117

119
120
121
122
123
124
125
126

19fl
329

To whom pjjd

E M Douglas ........ .... ..

A.E Murhn ... .. .. ... .-..-

C F Mm ..... ..... .......... 
WilliamH Gnthn ..............

Peter John son . . . . . ......

G K Gilbert . .. ...... ...

Joseph A Taff. .... .. .... ..
G E Hyde . .. ....... . .. ..

A W Lauison ........... - ...

Arthur Kejth. .............. ..

J E Spun............ . ... ... .
... do ...... ............
H L Baldwin, jr .... -. ....

... do. .............. ......

... do . ... .... . ............

It H Chapman..... . . -- 
Charles J?. Urquhart . . ....

A Barafaldi & Co. . .........

... do . ... ... .. ... ......

.... do ... ... ....... ........

Rosette & Beftty .... ...

W Lindgren .'..... . .. .- .....

A H Thompson ..... - - ...

W L Miller...... ..... ..... .. 
B A F Penrose.jr ..... ..... ..

E B Cla?k ..... ....... ... ...
C W Goodlove .. ..........
W H Weed .............. .....

.. do .. .. ... . ...... -- .-
Pay roll of employees ...... .....

For what paid

.. do ... ..... ... . ....

... do .. ....... .- ..

. . .do .. ....... ..... . .....
Forage, etc ... .......... . . 
Traveling expenses . .......

Services, Nov. 17-30, 1894 . ....

Traveling expenses ... .......

. do .. . ... .. .. ...
.. do .. ...... ......... .....
.. do ....... ..... . .. . ...
.. do .. ..... .. .. .... ..

Sei vices, NYiv ,1894 ..... . ..

Trav eling expenses ...... ......

.. do . ..... . . ....
Traveling expenses .... ... . 
Field expenses . ..... .....

... do... .... ... ....... .....

... do .. ... .. - .. ... .

.. do .. .. ... ... . ..... .....

. do .. . . .. .. ... .......
Traveling expenses. .- -. ..

Field expenses . ..... .. . . 
Traveling expenses .. ... ..

Field transportation . ....

.. do ., ..... . . . .....

'traveling expenses ..... ....

do . ..... ...... 
. do ... ... . ........... .
Traveling expenses-- -.- . -- 
Field expenses ..... .... . ..

.. do .. . ....... .. .. ......

.. do ..... ..... ... . ..... .

Services, Dec , 1894 ..... ........

Amount

$J5 00

7 33

112 25

25 66 
68.74

21 00

130 23

45 55
7 82

53 29
5 29

44 64
262 33

50 00

35 06 
70 25
56 63

63 70 
121 82 

7-i 81

24 50
50 48

105 75

36 87 
76 50 
84 23

47 75

23 00
54 24
70 53
88 50
40 43

18 85
3 00 

59 47
60 79
65 51
51 45
80 25
dO 00

132 45 
44 90
76 01 
79 36
31 89 

259 90 
200 00
116 63

6 75
3G 86
40 00
73 40
50 00
42 00
84.20
43 40
56 85

153 50
10 71
64 50

265.00
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Abstract of d^sbur>ements made 6i/ C D. Dans, special disbursing agent, United States 
Geological Survey, etc  Continued

DECEMBER, 189-4 Continued

Date 
of pay 
ment

m
31
31
Ol

31
01

No of 
voucher

131
132

10E

To whom paid

. do .. . ... ..... ..

I' or \v hat paid

Services Dec 18114
. do .'.... .'....
. do.-.. . - ... .- -. ..
.. do ..... ......
.. do ..... . . . . . .
. do ...... . . ..... ..

Amount

$361 40
1, 154 10

168 50
134 80

15, 191 5J

JANHARV, 1895

3
3
3
3 
3

2

2
7
7
7

8
8

8

8
8 
8
Q

8
g

8

8

8

8

9
Q

Q

Q

9
9

10
30
10 
10 
10 
10
10 
12 
12
12
12
14
16

16

2

5

7
8 
9

10

1 9

Id

15
16

1 ft

21 
22
23
24
25
26 
27 
28
29 
30
31
On

33 
34
oe

38

38 
39
40
41

48 
44
45

47
48 
49
BO
61 
52 
53 
54
55 
56 
57

 >9
60
61
62
63

W H Herron ... ..... 
Arthur Stiles- ... . - . ... 
L C Fletcher .... ..... .

W J Lloyd ..... .......... .

() E Harper. .... . ..........
Jeremiah Aliein ... . .......... 
C F Edm ... ... . . ..........

L A Ward ..... . .. ...
W T Walker . ...... .. .. 
Fred Stifflei ....... ...... .....

Mrs C F larson . .. ..... 
. do .... . .. - ........
M P Hcnderson & Son ..... 
T H Miller ..... . . ... ...
J H Hagerty--- -- ... .........
"SV V Inskeen

J T Barklcy .......... .... .

VV S Bayley - . .............

C K Leith . ... .... .... .
Frank Le\erett .- - .. ....

do ...... ..... .... . . 
. do .- ...... ... ..... ...

Harold B Goodrich .. ... 
Charles E Cooke .... . .. 
F C Schrader. .... 
.do . . ........... .
Thomas G Gerdme . .. .. .. 
E O Gordon ..... .. .....

W J Lloyd ... . ... ......

Don Hardy ... . . . . .......

Services Dec 1894

do .... .... .. .... .. ...
.. do .... .... .. ..

..do ......... 
Traveling expenses ----- -. ...

. do .. . . .... .. ...... ...

.. do .... .. .. .. .. .... .

. do . . ...... .... ... .

Services, Dec 1-23, 1894 .. ......

.. do.... .. . - .........

Forage, etc . . - . --..-.. ... 
Pasturage ...... . . . .. ....

Boarding, etc - - . - - - ....

Storage . . . ....

Care of animals - - .....

Pasturage, etc ..... . ....

Services, Bee , 1894 . ...... 
.. do ... . ..... .... . ... --
.. do .. .... ........ .. . .
.. .do .. ..............

Services, JTov and Dee , 1894 ....

. do .. .... . ... ... .....
Services, Dec , 1894 - - - - ....

. do ... . .. 
Field expenses ... . . - . - 
Sen-ices, Dec., 1894

&ervices,Dec , 1894 . - ........ 
Traveling expenses . ....

Care of stock ....... . . . .

$50 00
5 31

50 00
16 00

208 55
15 65
21 00 
40 65

200 33
381 04
52 55
50 00

7 50
8 79

57 75
13 33
16 13
37 10 
35 00
32 20

3 35
61 33 
35 66 
15 00
36 00

4 00 
53 00
97 32 
57 00
19 66
15 00

60 00 
81 00

210 00
100 00

37 00
250 00 

13 67
154 67
200 70
151 75
151 60

20 57
35 70 

1 50 
75 00 
43 24
75 80 
58.00 
83 27
64 00

6 60
33 32
6 25

136 62
144 00
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Absltact of disbursements made by C T> Dams, special dtsbutsing agent, United States 
Geological Survey, etc. Continued.

JANUARY, 1895 Continued

Pate 
of pay­ 
ment

Jan 16

16
16
16
16
16
18
IS
19
19 
22 
22
22
22

22

26
26
oe

3131
Ql

31
31

So of
voucher

f
66

68
60
70
71

73
74 
75
76'77
78 
79
80
OJ

82
83

85
86 
87
QQ

89
90

To  « horn paid

A P Kelly ...... -. . ......

J T. McGhiunii ......... ..
E.B Marshall ..... ........ .

. do . .. ......... ......
Jtf Uackett
... do .. .. ... .... - ..... 
G W Hland .... . ....

David A McNemar. ... ..

T L Hunter. ........ . ..

W S. Post .... - . ....

E TT Goode ..... - ....

Robert r Hill - -- .... ... .

For what paid

.. do ...... . .......
... do .. .. ....... ..

.. do . . .... ... ....

.. do

Field exuenses - --- . - ... 
Services; Jan 1-4 1895 .. .....

Services, Jan 1-5, 1895 . .....

Care of stock ----- . -.

Field expenses . . . . . . - .

..do ..... ... . ......
... do .. . . ..... .... ..
... .do ........... .

Amount

d.^5 QA

' 11 33
40 50

6 832 -a

32 05
109 25
12 75

305 98 
5 80 

85 25

4 84 
31 00
23 33

96 25

217 61
8 00 

144 40
258 30

3, 659 37

10,820 17

FEIJKCARY, 1895

Feb
o
2
2
5

5

5 
5
5
5
5
5

6

11
11

11
11
12
12

12
12
12 
12

18
18
18

19
20 
28 
28
28
28
28

2

4
5

8
g

1011

14
15 
16
17

19
20
21
32
23 
24
25
26
27
28
29

31
32

34
35
36 
37 
38

41
42

J H Hagertv ------. .... - .

... do ................. ..... ..

C K Leith .... ... .. .....

George \V Leathernia.il... ....

M P Henderson & Son ... ...

FredStiffler......... ....... .. ..

C R TanHise .............. . .

William B. Clnrk . . .... . ...

N S Shaler .. ... . .......

V L Hunter . ... .... ........

California Warehouse Co -- 
N H Barton . ... ..... . 
OA Ljungstedt . ... ... .......

P P Gulliver ......... ..

.. do ...... .... ........ ..

. do ....... ... .... ...

Caie ot auiuials, etc ... ... ... 
.. do ...... . . ........

Tiavelmg evpeuses... . --'.-.

. do . .. . ... .. .
.. do .- .. .. .- ... ...

... do - .. ... - - ... ...
Care of auimals . - - - 

... do .. . ...... ... . ........
Storage ......... ... .....

. do ..... ... ... ... ..

.. do .. . ... .. .... .

Services, Jan , 1895 ...... 
... do ............

... do .... .. .....
. .do . . .- -- - -. ..

Services, Bee 1,1894, to Jan 31,1895

.. do .---- . ... ..

.. do . . .. .. ... . ... .

Storage .. . - --- r -. .. .
Tiavelinj; expenses .... .. ... 
Services Feb , IStS .... . . 

. do ... .... ......
.. do ... . --- ----- .
.. do ....
Services, No\cmtei, 1-22, 1894 . .

.1

1

5

1

1 
3,>
1,

$35 00 
50 00 
44 45 
32 00 
83 50 
30 00 
70 00

117  )! 
20 00 
20 50 
60 00 
66 00 
35 75 
76 00 
43 55 
22 06 
4 00 
50 00 
16 50 
21 00 
17 50 

I 00
270 00
130 00 
14 00 
20 00 
25 00 
12 55

115 00 
59 10
180 00 

6 00 
20 00

116 12 
2 50 
16 00 
51 58

108 80 
!, 559 40 
, 065 80
122 22 
55 00
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Abstract of <Zisfm»semen It made ty C D Davis, special disbursing agent, United States 
Geological Survey, etc. Continued.

FEBRUABY, 1895 Continued

Date 
ofpay- 
ineut

Feh 28
28
28
28
28

28
28
28
28
28
28
28 
28
28

No of 
voucher

43
44
45
46
47

49

51
52

54
55

57

To whom paid

Henry Link .- . ......... .. ...

T M Alvord...... . ... ... -.
C F Bdin .... . .... ..........

J B Woodwortb..... .. . ......

For what paid

do .... . ... . ... . ..
Caie of animals ...... . .. .. 
.. do...... ..... ..... . ... ...
.. do ...... ......... ..... ...

. do ... ... ...... . ..... ..
.. .do ........... ... ..... ...

... do............. .... .........
.. do .... . ..... . ....... ..
.. do ..... .... ..... .....
Services, Feh , 1895 . .... .......

.. do ...........................

Amount

$5 00

8 45
8 45

81 25 
16 50

70 00
35 00
7 14

83 50
20 00
50.00 
38.00

MAUCH, 1895

5
5
5

8
11

12
14

18
18
19
19 
19

31
31
31
31
31
31
31
31 
31 
31

31

3
4
5
6

9

12

14
35
16
17 
18

20
21
22
23
24
25
26
27 
28 
29 
30

C K Leith .. ... ... .... ......

F C Schrader ...................

J S Getchell ...... .. . ... ..
... -do ................... .......

T Nelson Dale .... .... ... 
.. do .. . ... ... . ...... 
F B Morrow -. - - ...... ..

Total ..... . .- .. ... .

.. .do ............... . ... ...
... do ..... .......... ... ...
.. do ... .... ..... ... ..

. . do ..... ..... .. .... ..
.. do ..... .... ..... .. ...

. do . ... ... .. . .. ...

.. do .. .... ..... .......

Services, Feh , 1895 .... - ......

.... do.. ........ ......

Field expenses ... . .... ..... 
Services, Mar , 1895 . . . . . . ... 
Services, Feb ,18% . . . .

.. do ... ....... .. . ... .-

75 00

44 50
66 10
8 nn

50 00
q(i nn

17 50

120 00
155 60
60 00

54 00
25 40
75 00 

7 05
U 85

12 90
22 50

77 00
21 48
28 65

1 49
127 78 
70 40 

3, 760 60
1, 179 60

6, 627 52

APBIL, 1895

April 2

2

2
2
2 
2
2 
2

2
2
2
4

1

3

6
7 
8
9

11

13
14
15

JT.S Shaler... . ..... ... .. ..

California Warehouse Co .. ......

Fred Stippler . . . .............

~W T "Walker

C B TanHise . .. ... .. ..

. do .'......'. .... ... ...

. .do . .. ... .. .... .. ..
... do . .. ............ . .. ..
Storage ----- ....... . . . 

... do .. ....... . ... .. . .
Care of stock . . . .. . ..... ... 
.. do.... ..... ... . . ... .....
.. do..... . - ..... .......
. .do . .. .... ..... .....

.. .do . . .. ..... ..........
. do ... .. . .. ..... ....

Services, Mar , 1895 ....... ..

$320 00

8 00

38 00
8 00 
4 00

16 50 
21 00
8 00

50 00
30 45
27 00

260 00
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Abstract of disbursements made by C V. Dams, special disbursing agent, United States 
Geological Survey, etc. Continued

APRIL, 1895 Continued

Date 
of pay­ 
ment

Apiil 4

4

6

Q

9
9 
9 

30
10
13
13
13
13
16 
16

16
16

16
22
22
23

23
23
23 
23
30
30
30

No of 
voucher

16

18
19
20
21
22
OQ

24
25
26
27 
28
29
30
01

32 
33

35

37
38
39
40 
41

43
44
45
46
47
AR

49
50
51
52
53 
54
55
56
57
58
59

To whom paid

W S Bailey ... . .. ... ...

C K Leith.. ... .. .... ......

WalterH Weed.... . ..... - -.

ft A F Penrose, jr.   .. . .. 
IT. H Barton ....... .. .. . 
F C Schrader ........... . ...
.....do . ........... ....... ... .
A P Kelly. ..... ... .....
H. G McCall ...... .. .. ...

K P Morgan ..... .... ....

.. do ................ ...... ..
... do ............... .. ... ...
... .do .. ... ... ... ...... -.

W H Weed .. .. .. ......
O T? "y"an His e

.. .do... ... ...... ... .... ...

Don Hardy ....... ... . . ......

Total .... ..... ......... .

For wh.tt paid

Services, Mar , 1895 ... ...... .. 
.... do... .... - .... .... ......
.... do .. .. .............. ....
... do......-----.-.- .... ......
.. do... ............... ......

... do -. ..... ........... ....

... do .. . ............. ....
....do... -.-- ...................

... do .. ................ ......

Traveling expenses.. .. . ..

.. .do... ........... ...........
... do .. . ...... ...........

Serviies, Jan 24 to Mar 30, 1895. 
Traveling expenses ........

.. do ....... ...... .... ......

. -do......... ..................

Storage... -- - ............

Services ........ . - ... .. . .

... do ....

Amount

$90 00

70 00
52 00

10 75

30 00

17 50

77 20

20 00

570 00 
23 00

5 46
4 50

15 00
8 93
6 00

72 00

4 65
37 55
8 75

22 00
48 40
16 97
d2 17

71 00

82 97
28 65

1,129 15
82 40

7, W27 55

MAY, 1895

May 1

1
2
1

1
3 
2 
2

1

3

4
4

4

4

3
4
5
6
7

9
10
n
12
13 
14

16
17
18

20 
21
22
23
24
25
26

"W T Walker
C F Edm .. ..... . ........
J J Weber. ........ . .... ...

C M Hailan... ......... ..... ...

J S Stone ..... ..... . ... ....
T Nelson Dale ..... ... ... . 
William B Clark .... . . . 
J E Wolff . ............... ... .

F C.Schrader .......... .. ...

C.K VanHise ..................
.. do.... ........... . ..

Frank Leverett .............. .

... do .... ... ................

... do .. .................. ...

.. do ... .... .............. ..

... do ...... .. .................
... do ....... ...... ...........
Services, Apr, 1895.......... ... 
Services, Feb 28 to Mar 31, 1895 
Services, April, 1895 ........ ...

... do... .. . . ..... ........... 
.... do...... . ..... ..... .. . .
.. do... ... ...................

.. do..... ...... .. ............

Services, Apr , 1895. ...... . ...

... do...... ... .... . . ......
.. do ... .. ..................
.. do .... ...... ..... .....
.. do ..... ............ ..
.. .do... ........................

4

1 
1

2

2

1

$50 00 
35 00 
69 08 
83 50 
73 50 
32 00 
20 00 
31 00
142 86
185 00 
70 00 
50 00 
75 00
210 00 
65 00 
14 50 
16 25 
4 68 
9 06

210 00 
98 00 
91 00 
75 00 
44 25 
12 00
130 00
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Abstract of disbursements made by C D Dams, special disbmsing agent, United Stales 
Geological Survey, etc  Continued

MAY, 1895 Continued

Date 
of pay­ 
ment

May 8
8

8
8
g

10

10

1Q
10

13
iq

1;!
13 
13
13
13

13

15

  18

18
18 
38 
18
18
la

20
20
20
20
20
20
20
20
20

20

20
20 
21
22 
23
23

23
9-t

23
*>7

27 
27
27
27
27
27 
27
27 
27

30
30
30 
30

31
31
31

No of 
voucher

27
28

29
dO
31

0*1

rf4
35

17

39
40
41
42 
43

45
46
47
48
49
CA

51
EO

CQ

54
55
56
57 
58 
59
60
61
62
63
64
65

67
68

71

73
74
7 =
76
77
78

80
81
82 
83
84
85
86
87
CO

89
90
91 
92
93 
94
95

97
98 
99

101

103

To whom paid

California Warehouse Co . .

A H Brooks..- .- ----- -. -. 
C K VanHise ..... .. ..

do.... . .- ... ..... ----

K H McKee ... . ........... ..

C Bennctt ..... - --. ..----. .. 
H B Martin... ...... ..... .....

Willbhay . .. ... . ........

W T Gnswold ..... ..... .....

... -do.... ........... ... .. ....
K Y Bandy .... ........... ...

.. do .. .... . . .....

Charles!" Ccioke ..............

Ttediek H McKee .............

.. do ..... . .... ..... .
M Haekett ... . .... .. 
Albert "k*ik6

.. do .. . . .. ...... .. .

W J Llojd . ...... .

C C Bassett - -- ........

..do ... . . ...... . 
.do . . ...... ..

.... do ..... . ...... . .
G E Hyde ..... ..... ...... .
LydidH Atterbury. ... . .. 
E M Douglas ...... ....

.....do .... . . . . .... ..
\V M Beamaii..... .. . ... ....

For what paid

1895

.. do ... .... ... . ----- ..

.. do ----- ... ... ......

.. do .... . . ...
do .- - ... .-.--. .... .... .

. . do .... - . .......

...do ............. .......
.. do. ... ... ..... . . ......
.. do...... ... . .... .... ..

... do - -- - -.--- -- ..... -.--
"Traveling expenses - . . . - - -

.. do.--- - .- - --.-- .......

. do ... ---- ...... ----- ... -
... do ... ... .... ...... ....
.. do -- .... ... ..-..--..-
.. do..... .- . ...... - .-
.. do - - ..... ... - - ...
.. do .... ... - -- ... . - ..
.. do ---- ... - ... . ...

do. ...... .... . ... .-

One mule . --.-... .. .. ..
U net board, etc ..... . -- .-

... do---- - ..... -- -- -----

.. .do ...... -.--- . ........
... do------ -. - -. -.--.
.. do...... .... .. .... ......

... .do...... .. ... .........
.. do.-.--- .... - ... ....

do-.. . ... -- ..... -----

Field expenses.- . ......

Traveling expenses - . - ...

. .do... -- -- .... ...........

Field expenses .... .. . . -.

.... do-. - ---- - - -----. .....

.. ..do .. . ...... - ... ..
Traveling expanses .....

... do- ... .... . ... .. ------

Traveling expenses - -- --. ..

Material . .. .. -- .. .....

. do ............ -. ....... ...

Board and Lodging ..... 
Traveling expenses . .

do .- ... -- .... .-- - .-
... do ......... -- .- -- ... .

. do ... ....... ........

Amount

50 00

21 00

10 00

8 00

17 50
13 35 
76 60
18 05
19 76

173 42
3 55

5 85

110 70

9 i5
125 00 

48 00 
77 12

5 65
15 75

6 00
23 15
20 55
37 30

39 66
40 22
26 20
21 70
80 80

10 45
82 35

68 08
48 77
25 15 
39 iJO
24 00
54 33
36 45 
13 80
70 81
39 70
21 50 
49 00
21 50
b 75

27 00
23 75 
34 80
11 75 
12 10
32 10
2fi 50
77 80
10 12 
61 50 

223. 86
182 02
70 16
85 20



128 REPORT OP THE DIRECTOR.

Abstiavt of disbursements made by C. JJ Dams, special disbursing agent, United States 
Geological Survey, etc. Continued.

MAY, 1895 Continued

Date 
of pay­ 
ment

May 31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31

No of 
voucher

104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144

To whom paid

... do .... . . .... ... ...

. do . ......... .. .........
. do ........ .. ..... ...'...

.. do... .... .... ............
T NehonUale ..... ... .....

.. do ... .... ... .. .. ..
. ilo . .. ... . .. .... .....
. .do . . ........ ... ..
. do.. ...... .. . . ....... ..

.. do ... .......... ..

W T Griswold .. . .... .. ...

J Bixby & Co .. .. .. .. -
California "Warehouse Co.... - -

M P Heuderson & Son ..... ...

do... ......... .......... ..
. .do . ......... .. ...... .

W HXovell ...... ...... ......
"W S 'Winters............. - ...
Bradley &GOIDS-... ... -- -- 
George W Leatherman ... . . .

T C Cliamberhn .. . . ... .. 
.. .do .. .... ........ .....

For what paid

Traveling expenses ... .....

... .do.. ... ... .. ... .
. .do.. . .... ............ ..

.. do...... .... ... ..... ..

.. .do. . ... ...... .....
. . .do. . . .... ... ... ....
... .do.-... . .... . . .... . ..
.. .do...... .... . .". -. ...
. .do...... .... ... ...

... .do...... ... . .. ... . ..
.. do...... ... -- ..........

... .do...... .... ...... ..
.. .do........ ...... ... ..

... .do .... ........ .. ... ...

.. do ............... . ... . ..
. .do ...... ......... ... ..
. do..... . ..--- . ....

. do . . ........... .

Storage . . . . .............
Services, May, 189S ..... .. ..

. .do... .. ... -. ... ... ...
do .. ... .. .. ... .. ..

Field expenses . . - ........

.. .do...... . ... ..
Traveling expenses .. ..

Services, May, 1895 ..... -

Amount

$6 75 
213 29 
189 42 
262 74 
183 38 
219 17 
109 55 
142 86 
142 29 

1,166 70 
3, 236 50 

151 80 
232 24 
109 10 
210 16 

20 65 
24 19 

170 40 
15d 40 

14 51 
81 15 

8 00 
38 00 

8 00 
30 00 

4 00 
165 23 
206 05 
185 23 

71 bO 
110 U 

47 08 
43 67 
43 30 
41 45 
27 10 
27 01 
30 49 
50 00 
66 80 

124 45

13, 6b4 16

JUNE, 1805

June 3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 
6

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29

Pay roll of employees... .. ..

H Fehtz..... ..... ............
E B Marshall... . ...... .....
Isaac I Lewis ... ... .... . . ...

.. .do.......... .. .. ........
W L Miller... ... ..............

N.S Sbaler. ...... .. ... ....

F C. Schrader . . . . . ...........
... do .... ... ...........
T. Wayland Vaughan ... ... ...

George O. Glavis, jr. ....... ....

"W S Post...... ... . ...........
H S TVallacG

F.E Jandt .. . .. .............

Pasturage - - -- .....

Subsistence.... .... - - ........

... do ............................

... do ......... ..... ...........

... .do...... .....................

... do ............ ... .... ......

... do .............. ...... .....

... do................ ...........

... .do...... -- ....... ..... ....
Traveling expenses .... .... .... 
Field expenses .. ......... .....

Traveling expenses.......... ...

... do ...... ... .......... ......

... do ..... ... ...... -- ... ....

1 horae. ............... .... ......

$17 25 
40 33 
31 15 
33 75 

107 70 
35 00 

4 97 
6 75 

13 60 
12 07 

6 05 
200 00 
220 00 
104 00 

67 20 
46 87 
25 00 

135 00 
75 00 
8 21 

27 85 
33 15 
25 50 
24 50 
24 25 
63 20 
26 00 
32 30 
65 00
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Abstract of disbursement? made by C, D Dams, special disbtu sini) agent, United Slates 
Geological Survey, etc  Continued

JUNE, 1895 Continued

Date 
of pay 
tnent

Juno 6 
6 
0 
6 
6 
6 
6 
6 
6 
6 
6 
1 
7 
7 
7 
7 
7 
7 
8
r-

7 
7 
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10
11
12 
12 
12 
13 
14 
14 
14 
14

No of 
Toucher

30 
SI 
32 
33 
34 
35 
36 
ii7 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 5 1! 

54 
55 
56 
57 
S8 
59 
60 
01 
62 61! 

(|4 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
71 
76 
77 
78 
79 
80 
81 
82 
St 
84 
85 
86 
87 
88 
88 
9(1 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 
103 
104 
105 
106 
107

16GE(

To whom paid

T,H Gorton . ..... . 
W B Rogers .. 
.Baker &, Hamilton .... 
J H Jemimas ....... .

E B Clark - . ..
W L Miller .... 
W J Houston, jr . ... .... 
C D White . . ... ... ..

Ben K Emei son . ... - . - 
,T E Woodwortli . ..... . .. . 

do ........
M Hackett . ...... ...

A E Murlin - . ...... .. 
R H Mi Kee ... ... 
Fred Stiffler . . ... ... 
Frank Tweedy ... . . ..... 
G E Hyde ... .. . ..........

do ... . .. .....

F C Suhradei . . .... 
do..... . ...... . . 
do ... .. ..... . . .. 

H li Blair

For what paid

Subsistence .... . ... ..... . 
Boarding, etc ... .... 
Road cart's ...... 
Traveling expenses . ...

.. do ...... ..... . . .
Field expenseb . . ...

T^a^ellng expenses ....

Services, May, 1895 ... .. . 
Field expenses ... 
Traveling expeii&es .... 
Field expenses ... ... .....

.. do ... ... ... .....
. do ..... ... .... .. 

Pastimige, etc ... . . .....

Trax elmg expenses

Field expenses ..... 
do ... ... 

Traveling expenses .....

J S (Jetehcll 
... do .... ..... . ....
C F Edm . .... . .. 
J C Johnson &. Co ... ..... .. 
W G Rowland .. ... .. 
W M Beamau .. ..... .. 
C D White ..... .....

W H Lovell ...

.. do .... . . . .......

. do ...... . ... ... .... ..

do .. 
W S Bayley ........ . ..

. . do .. ... ... .. ....

A B bearle- ... . .... .

N-itTylpr.jr .. . . .......

.. do .. .. . ... ... .

C \V Parks
E C Barn.ird .. - - ..... 
J \V Thorn ..... .. . ..

. cio ..... . ..... ..
..do .......

do .. ........ . .....

E M Donglas. . . ...... . 
James MeCormick ... ....

N B Durm . .. ... .... 
Walter H Weed .... ..... 
A H Urooks .. .. ...
Joseph B Macfarland .. .. ..

)L, PT 1     9

Pasturage, etc . ...

. do . . . . ....... . .. 
Supplies . ........ 
Subsistence ..... .. .... .

Field expenses . .... . .. .....

. do . .. ...... . . ..
..do ..... . .. . .

do ..... ..... ... 
. do . . ...... . .

ben-ices May, 1895 .......

.. do ...... .... ............ ..

.. do..... ..
. do . . ... ..... ..... ..

Field expenses .... ... . - -

Traveling expenses ..... .

do ... . . ....
do .... .. ......... .. .

. .rto . . .... . .. .. ..

do .. ... ...... .. . ..
Field expenses .......... . .

.. do.... ..... .....
do... ....... 

... .do . .'. . . . . . ...
Traveling expenses .....

Field expenses.- ....

Field expenses . . - ...... . .

Pasturage .. . - - . 
Traveling expenses ....

. ,lo .....
.. do * .. .. .... . ..
.. .do ........... ...... ..

Amount

$30 23 
15 60 
50 00 

140 B7 
2h 20 
62 15 
28 25 

8 06 
°,4 25 

108 06 
60 00 

8 80 
b 19 

127 10 
89 14 
44 08 
47 06 
32 50 

147 07 
89 40 

8 45 
73 00 

12b 46 
23 75 
29 00 
26 57 
11 20 

8 11 
26 00 
85 12 
38 50 
22 75 
CO 00 
35 65 
51 49 
21 45 
6.01 

163 03 
19 50 
61 45 
15 70 
45 95 

3 10 
24 30 
85 VO 
6d 00 
30 00 
44 00 
60 (10 
15 20 

fl 98 
140 20 

6 50 
36 80 
18 50 
31) 15 
65 20 
41 80 
49 30 
26 65 

106 40 
30 50 
28 75 
85 Oii 

103 62 
10 40 

106 08 
98 47 

201 03 
17 70 
82 49 
24 50 

175 50 
36 55 
23 20 
10 00 
28 30 
31.55
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Abstract of disbursements made T>y C. D. Dams, special disbursing agent, United States 
Geological Survey, etc. Continued.

JUNE, 1895 Continued

Date 
of pay 
ment

18
18
20
20
20

21 
21
21
21
22

24
24

10
30
30
30
30
30
24 
24 
24
24
24
30 
30
30
on

30
QA

30
30
30
30
30
30 
30
dO 
30
30

No of 
\ ouclier

109
110
111
112
113

115
116
117

11»
120
121
122
123r>4
125
126

1 99

133 
134 
135
130
137
138 
139

141
142
143
144
145
146
147
148
149
150
151 
152
1P 3

To whom paid.

....do .... . .. - .-- .... --- 
Robert T. Hill ... . ... . .- -
J B Wolff ........... .- ... --
.. do.......... ..... -. ----.

W J Elliott . . . ....

B T Bandy . ... ... .........

f^attt "RaTlft

B C Heald.jr ...... . - 
. . do ..... ...... . . . -

T Nelson Dale . .. .. ...

J S Diller .. ... .... ...... ..
.. .do .... ... .........

... do . - .... ....... .
.. do.. ... . .. -. ..........
Paul Holman. . . -- ...

do . - ..... .

Total .. .- .... ..... ..

For what paid

.. do . .. ...... .. ... ... ..

Traveling expenses - - ...

.. do...... .... .... -- . ..
-. .do ... . . ...... ..... ...

-do... . . .. ...... .. . ..
.- do... ..... . . ... .....
.- do... ...... .. ... . ......

... do.. .. ... ... ... . .
... do... . .. . ... .... .
Services, May, 1895 . . 
Traveling expenses ...... ...

Services, June, 1895.. ... .. .... 
.. ilo.. . . ... .. ... ..
.- do ... . . ...... .

.. do.. . . .. .. .. .. ......

.. .do .. .. .. .... ..

.. ilo .. . ..... .. ...
Tra velin g expenses ..... . . .

Field expenses . .. .......

. . do .... .. ... . ... ..

Amount

4 35
45 25
60 00
 )C OR

97 (19

190 00

15 14

13 80
18 00
17 25

200 00

151 56
9 90

27 25
164 80

148 30

28 00
18.00 
9 7S 

38 80
39 53
12 00

148 35 
75 00

aoo so
11 90

248 40

148 75

1,129 15

17 15
20 80
87 87 

100 50

12, 599 22

Amount etponded a-) per abstracts ...... ... .- ... ... -. ... -. $435,77719
Bonded railroad accounts settled at United States Treasury . .... 2,41332

lotal expenditures 438,190 51



DEPARTMENT OF THE INTERIOR, UNITED STATES GEOLOGICAL SURVEY.

PAPERS ACCOMPANYING THE ANNUAL REPORT

OF THE

DIRECTOR OF THE U. S. GEOLOGICAL SURVEY
FOR THE

FISCAL YEAB ENDING JUNE 30, 1895.

131



THE DINOSAURS OF NORTH AMERICA.
BY

OTEGSfTEL CHARLES MARSH.

133



CONTENTS.

Introduction............ ................................................... 143
Parti  Triassic dinosaurs.................................................. 146

Theropoda .................................... ................. ...... 146
Anchisaundie........................................ ................ 147

Anchisanrus ....................................................... 147
The skull. ........... ......................................... 148
The fore limbs .......................... .................... 149
The hind limbs .................................. ............. 149

Anchisauius solus..-..--...-...----.....--..-........--............. 149
Ammosaurus.-.---.-.-...--.......---.. ......... .................. 150
Restoration of Anchisaurus ......................................... 150

Dmosaunan footprints.................................. ............. 151
Distribution of Triassic dinosaurs....................................... 152

Part II  Jurassic dinosaurs ..................................... .......... 152
Theropoda.-.-......---........--.......--....-.....--. ................ 153

Hallopus ........... ............................ .................. 153
Fore and hind limbs ........ ........... ....................... 154

Cffllurus .......... ............................................. ... 155
The vertebra* ................ ................. ............... 155
The hind limbs......!......... ...... ........................... 156

Ceratosaurus .................................... ......... ........ 156
The skull............................................ ........... 157
The bram............................ .......................... 159
The lower ]aws...................... .......... ............... 159
The vertebra ................................ .................. 159
The scapular arch............................................... 160
The pelvic arch ................................... ............ 160
The metatarsald................ .... ........... .............. 162

Restoration of Ceratosauru s ................ ....................... 163
Allosaurus.......................................................... 163
European Theropoda................................ .... .......... 163

Sauropoda...... ....................................................... 164
Atlantosaurus beds.................... ............................. 164
Families of Sauropoda ................ ............................. 165

Atlantosauridte....................................................... 166
Atlantosanrns ...................................................... 166
Apatosaurus ............ ................................ .......... 166

The sacral cavity ........... ........... ...... .... .......... 166
The vertebrae ..... ...................................... ..... 167

Brontosaurus ....................................... .... ... ..... 168
The scapular arch...................... ........................ 168
The cervical verte brie............................... ..... ..... 169
The dorsal vertebras............................................ 169
The sacrum............................ ................ ....... 170
The caudal vertebra:............. .............................. 171
The pelTic arch ................................................ 172
The fore limbs ...... ................. ......................... 173
The hjndhmbs............ ................................ ... 173

135



136 CONTENTS

Part II  Jurassic dinosaurs Continued. page 
Sauropoda Continued 

Atlautosaund.B Continued.
Restoration of Broiito&aurus.................................... ... 173
Barosaurus .................. ...................... .... ....... 174

Diplodocid.fi. ...................... .... .. ........ ... . . ..... 175
Diplodocus ...... .... . .......................... ..... .... .... 175

The skull ............... .... .... ..... ................ .... 175
The braiu ............ ..... ..... .... ......... .... .... ... 178
The lower jaws ....................... .......... .... ......... 178
The teeth. ..... ..... ........... .... ..... ..... ..... .... 179
The vertebrae......... ....... . ..... .............. .... ..... 180
The sternal bones..--..... ...... ...... . .. ................ 180
The pelvic girdle ................ . .. .... ......... .......... 180
Size and habits ............. ........ .... ..... .............. 180

MorosauridoR.................. .... ... .... ........ ............... 181
Morosaurus................ .... .. ... ... ..................... 181

The skull...... ...... .. .... ..... ..... .............. .... 181
The vertebros......... ........... ........ ..... .. ........ 181
The fore limbs.. ... . .. .... ..... .... .... .............. 182
The pelvis .... ... ... .......... .... ... ......... ......... 182
The hind limbs ........ .... ................. ..... ... ....... 183

Pleuroc(ehdu!. .... ................................................. 183
Pleuroccelus .......... ......................... .... . ............ 183

The skull ....... ............................... .......... 183
The vertebrae. ........ .......... .... ..... .... ............ 183

Distribution of the Sauropoda-.-.--.--....-----...-. .... ........... 185
Comparison with European forms............... .... ...... ....... . 185

PrcdentaU ............ ........................... .... ............. 186
Stegosauridd) . .... .................................... -..-.....-.. 186

Stegosaurus . ........ ............... .. ............. ........... 186
The skull .... .................... ....... ..... ....... ..... 186
The brain .. .... ..... . .... ....... ...... ...............'. 187
The antonoi \ertebia; ........ ........... .-...-......-.. ..... 188
The sacrum......... .... ......... .................... ...... 189
The caudal vertebra ...................... .... ....... ........ 189
The saoral cavity .... ......................... ............... 189
The pelvis .... ........ .................. .... ................ 190
The fore limbs ......... .............. .... ... ... ............ 191
The hind limbs ....... ..........--..---...-- .... ..-..-..-.. 191
The dermal armor ..... ................... ..... ............. 192

Uiracodon ...................... ......................... .. ..... 193
Characters of Stegosauna ............ ......... ... ... ..... ..... 193
Restoratiou of Stegosaurus...... .... ....... ................. .... 194
Distribution of Stegosauna . .... .... ....... ................... 195

Cauiptosjiiirida? ....... ......... .... ...... .... ......... .... .... 196
Campcosaurus ...... ................... ..... ..... ...... ........ 196
Restoration of Camptosanrus...... .......... ..... .............. 197

Laosaundcu........... .... ................ ... ........... ....... 198
Dryosaiirns........... ..... ................. ..... ...... . ...... 198
Laosaurus .......... ..... ................. ...... ............... 199

Nauosaundffi........................ ..... .... ...................... 199
Nanoeaurus ............................. ........... ............... 199

Determination of genei a.............. ......... ... .... ... ........ 201
Restoration of Laosaurus.................. ..... ..................... 202



CONTENTS. 137

	Page 
Part III Cretaeeoua dmoaaura ...... ..... .... .......................... 203

Theropoda..... ..... ...... ..... . .. ... ... .. ..... ... ......... 203
Dryptoaaurid.u............... ................................. . ... 203
OrnithomimidjB . ..... ........... ....................... ..... .... 203

Ormthomimus ........... ..... ................. ................ 204
The metatarsala ........... .... ................... .......... 204
The pelvic arch........ ..... .. ....... ............ ...... 205

Predeutata ................. ... ........ .... ..... . . .... ........ 206
Ceratopaldse ............ ..... ..... .... .... ............ ......... 206

Ceratops beds ..... ..... ............... ........ .... ..... .... 206
Tuceratops ............ ........... ........... .... ............. 208

Theskull .... ............... ... . ........ .... .. .... 208
The rostral bone...... .... .. ................ .......... .. 208
The hoiu coret. ....... ... ............. ..... .... .. .... ... 209
The posterior crest...... .......... ........... ........ ..... 210
Base ot akull ...... ........ .... .... ..... ... . .... .. . 210
The lower jaws....... . ................ ............... ..... 211
The brain. ........... ............. ........................... 211
The teeth........ ............. ..... ... .... .... ............ 211
Cervical and doraal vertebra; ........... ........... ..... ..... 212
The sacrum.................................................... 212
The caudal vei tebnu...... ............... .... ....... ..... 212
The scapular aich and fore limbs...... .... ..................... 213
The pelvis.................... ............ .... ..... ....... . 213
The postenoi limba............... ................ ...... ... 214
Tlie dermal armor......... .................................... 214

Torosanrus............... .. ... .... ........... .... ............ 214
The skull..... ...... .. ........ ... ...... .... ............ 214

Ceratops ...... ..... ..... ..... .... ...................... .... 216
Sterrholophus ............. .. ............... .... .... .......... 216
Agathaumaa ... ... .... . .............. ...... ... ....... .... 217
Mouoclomus -.. .. .... . ... ............ .. .................... 217
Restoration of Triceratops -. .......... ..................... ...... 218
Diatiuctive characters of group .... ............................... 218

Claosaurid.e .......... ..... .......... ..... .... ................. 219
Claosaurus-.-- .... ...., --.. ...... .. ...... .... ... .......... 219

ThesVull. .... ................ ................... ........... 219
The teeth..... .... .... .............................. ......... 221
Thebraiu ... ............... ..... ......... ................. 222
The vortebi jj ............... ............... .... .... ..... .. 222
The tore and hind limbs ...... ..... ..................... ..... 222

Restoration of Claoaaurus..... ............... .................... 224
Trachodoutidas ............ .. -. ........ ... ......... ...... ....... 224
Palseoacineus ........... . ........... ........ ...................... 225
Nodosaundsfi.... .... .... .............' ......'...... ... ............ 225

Nodoaaurus.......... ....... ...................................... 225
Distribution of Ornithopoda ............ ... ......... ............... 226

PartIV. Conclusion ... ....................... .... .......... .... ...... 227
Comparison ot characters ....... ........... .......... .............. 227
Restorations of European dinosaurs ..................................... 228

Compsognathus.-...-..-. ................... ...................... 228
Scelidosaurus . ..........-.-.-----.....-... ....................... 229
Hypsilophodon............ ................... ................ .... 230
Iguanodon ...-...--....--..-...--......-...-. ..... ..... ......... 230



138 CONTENTS.

Part IV. Conclusion Continued. Page
Affinities of dinosaurs ................................................. 231

with Aetosauna ................................ ................... 231
with Belodontia .... ............................................... 232
with Crocodilia..................................................... 232
 with birds.............. .... ......................... ........... 237

Part V  Classification of Dinosauna ....................................... 237
Theropoda .......... ....................................... ........ 239
Sauropotln......... ........ ......................... .... ...... ..... 241
Predentata ...... ........................................... . ...... 242

Postscript ..... ...... .... ................................................ 244



ILLUSTRATIONS

Page
PLATE II Anchisaurus colnrus Marsh. Tnassic............................ 248

III Auchisanrus and Ammosaurus Tnassic ........................ 250
IV Restoration of Anchisaurus colurus Marsh........................ 252
V. Footprints of Tnassic dinosaurs..--.... ......................... 254

VI Hallopus victor Marsh Jurassic .....-..-.......--.......---.... 256
VII Crelurus fragilis Marsh Jurassic.-....---.....-..--.........---. 258

VIII Ceratosanrus nasicornis Marsh Jurassic ........................ 260
IX Ceratosaurus nasicornis. Jurassic ............. ................ 262
X Ceratosaurus, Allosaurns, Ccelurus. Jurassic..................... 264

XI Allosaurus fragilis Marsh Jurassic.............................. 266
XII Creosaurus atrox Marsh. Jurassic............................... 268

XIII. Labrosaurus. Jurassic ..--....-..---..-.....-...........--...... 270
XIV. Restoration of Ceratosaurus nasicornis Marsh .................... 272
XV. Atlantosaurus montanus Marsh Jurassic.......... ............. 274

XVI Atlantosaurus immanis Marsh. Jurassic......................... 276
XVII. Atlautosaurus and Apatosaurus. Jurassic........................ 278

XVIII Apatosaurus. Jurassic ........... .............................. 280
XIX. Apatosanrus and Morosanrus. Jurassic.......................... 282
XX Brontosaurus excelsns Marsh Jurassic.... ..................... 284

XXI BrontoBaurns excelsus. Jurassic................................. 286
XXII. Sternal plates of Brontosaurus and young Strnthio ............... 288

XXIII. Brontosaurns excelsus. Jurassic .......... ..................... 290
XXIV. BrontosauruB excelsus. Jurassic.....-...,...---........ ........ 292
XXV Diplodocus longus Marsh Jurassic-.... .-.-..-...--.........-.- 294

XXVI. Diplodocus longus Jurassic...... --........-........----....... 296
XXVII Diplodocus longns. Jurassic..................................... 298

XXVIII. Diplodocus longus Jurassic. ............. .......... .......... 300
XXIX Diplodocus and Morosaurus. Jurassic..--................-.----.. 302
XXX Morosaurus. Jurassic .----.......-.....-... ....-.....--...-.... 304

XXXI Morosanrns grandis Marsh. Juiassic. ---........--.......--..... 306
XXXII Morosaurus Jurassic ...... -- - ............................. 308

XXXIII Morosaurus lentus Marsh. Jurassic.............................. 310
XXXIV. Morosaurus. Jurassic ..._.......-.................... .......... 312
XXXV. Morosanrus Jurassic ............... ........................... 314

XXXVI. Morosaurus and Apatosanrus. Jurassic ........ ................. 316
XXXVII Morosaiinis. Jurassic .......................... ................ 318

XXXVIII. Morosaurus grandis. Jurassic......................... ......... 320
XXXIX Brontosaurns, Apatosanrus, Morosaurus, and Diplodocus Jurassic. 322

XL Pleuroccelus nanus Marsh. Jurassic ............................ 324
XLI. Plenroccelns nanus. Jurassic.................................... 326

XLII. Restoration of Brontosaurus excelsus Marsh..:................... 328
XLIII. Stegosaurus stenops Marsh. J urassic............................ 330
XLIV. Stegosaurus and Pnconodon. Jurassic..... - ........... ..... 332

139



140 ILLUSTRATIONS.

PLATE XLV Stegosaurns ungulatus Marsh Jura&hic........ .............. 334
XLVI. Stegosanius ungulatns Jurassic..... ............. ......... 336

XL VII Stegosaurus ungulatus Jurassic......... ........ ......... 338
XLVI1I Stegosaurus. Jurassic .......................... ......... ... 340

XLIX Stegosaurus ungulatus Jurassic................. ..... ...... 342
L. Stegosaurus Jurassic ... ................. ........... ..... 344

LI Diracodon laticeps Marsh Jurassic........ ...... .... .... 346
LII. Restoration of Stegosaui us ungulatus Maish ............ ...... 348

LIII Camptosaurus uiedius Marsh Jurassic ........ .............. 350
LIV. Camptosaiirus dispar Marsh Jurassic...... ... ... . ....... 352
LV. Camptosaurus, Dryosaurus, and Laosaurus JurabSK,.......... 354

LVI. Restoration of Camptosaurus dispar Marsh......... .... ..... 356
LVII. Restoratiou of Laosaurus censors Marsh ........... ......... 358

LVIII. Ormthomiuius veloi Maish Cretaceous....... .... ... ..... 360
LIX. Triceratops proisus Marsh Cretaceous .... .... ............ 362
LX Sterrholophus and Triceratopi Cretaceous ... .... .... .... 364

LSI Triceratops Cretaceous .... ........... .......... ... ...... 366
LXII Torosaurus Cretaceous ...... .... ........ ..... ........... 368

LXIII Ceratoph, Sterrholophns, and ToroStiurus Cietaceous ......... 370
LXIV. Triceratops prorsus Cretaceous ... ............... ......... 372
LXV. Triceratops proisus Cretaceous ...... .... ................ 374

LXVI. Triceratops prorsns Ci etaceous .. ..... .... ..... ........ 376
LXVII. Sterrholophus aud Triceratops Cretaceous ............ ..... 378

LXVIII Tncer.i.tops prorsus Cretaceous ..... .. .......... .... ..... 380
LXIX Sterrholophus aud Triceratops Cretaceous ...... ..... ..... 382
LXX. Triceratops. Cretaceous ............... ............. ........ 384

LXXI. Restoration of Triceratops pioisus Marsh ...................... 386
LXXII Claosanrus annectens Maish Cretaceous.... ..... .... ..... 388

LXXIII Claosaurus annectens Cretaceous.............. .............. 390
LXXIV Restoration of Claosaurus anuecteus Marsh .... ........ .... 392
LXXV Claosiuirus, Trachodon, Norlosam us, Palttoscmcus Cretaceous.. 394

LXXVI Skulls of dinosaurs; showing size of brain..... .......... ..... 396
LXXVII Braiu casts of dinosaurs. ..................................... 398

LXXVIII. Teeth of predentate dinosauis......................... ........ 400
LXXIX Pubes of predentate dinosauis .......... ............ .. ..... 402
LXXX. Ischia of predentate dinosaurs ........................ ...... 404

LXXXI. Pelves of predentate dinosaurs ................................. 406
LXXXTI Restoration of Compsognathus longipes Wagner ............... 408

LXXXIII. Restoration of Scelidosauius Harrisonn Owen .. ............. 410
LXXXIV. Restoration of Hypsilophodou Foxn Huxley ............... .... 412
LXXXV. Restoration of Iguanodou Bernissartensis Boulenger ........... 414

FIG 1. Geological horizons of veitebr.ite fossils m North America........... 145
2 Slab of Connecticut River sandstoue; showing footprints of two

dinosaurs on a surface marked by raindrop impressions .......... 146
3. Left leg and foot of Hallupus victor Marsh.............. ........... 154
4. United metatarsal bones of Ceratosaurus nasicornis M.irsh .......... 162
5 United metatarsal bones of great Penguin (Apteuodytcs Pennantu). 162
6 Tooth of Astrodou Johustoni Leid'y............................... . 164
7 Cervical rib of Apatosaurus a]ax Marsh; outer view. ............... 167
8. The same rib, inner view ........ ................... ........... 167
9 Proximal end of rib of Hrontosaurus excelsus Marsh; front view.... 170

10 The same bone, back view. ....................................... 170
11. The same; superior view- .... ..-. .....---. ............... ..... 170
12. Sternal ribs of Brontosaurus excelsus; outei view................... 171
13. The same specimen, inner view............. ....................... 171



ILLUSTRATIONS. 141

	rase. 
FIG. 14. Sternal rib of same individual; outer view......................... 171

15 The same rib; inner view.... .... ........................... ...-. 171
16 Pelvis of Brontobaurus excekus............. ................... ... 172
17 First metacarpal of Brontosaiuus ampins Marsh, front view ........ 173
18 The same bone, side view....------ ..... ......................... 173
19 Proximal end of same..... ..................... ......... ........ 173
20 Distal end ot same.... ...-..--.. ----- ........................... 173
21. Terminal phalanx of Brontos>aurm> exrelsus; outer-\ lew ............ 174
22 The same bone, iront vievf......................................... 174
23 The same, inner view..... . .......... ........................... 174
24 Caudal vertebra of Barosaurus Jentus Maish, side view. ........... 175
25 The same veitebra, m section, front Mew........................... 175
26. The same vertebra; bottom vie\v............ ......... ............ 175
27 Skull of Diplodoeus longus Marsh ................ .... ............ 177
28. Deutary bone of Diplodoous longus ......................... ...... 178
29. Sternal plate of Brontosaurus ampins.................... .......... 179
30 Sternal pLite of Morobaurus grandis Marsh ............ ...... ..... 179
31 Dorsal vertebra of ilorosaurns grandis; front view ........... ..... 181
32. The same vertebra; side view.......... ................ .......... 181
33 Transverse section through centrum of same........................ 181
34. Neural eavitj' 111 sacrum of Morosaurus lentus Marsh........... .. . 182
35 Dorsal vertebra of Pleurocoelus montanus Marsh, side view......... 184
36 The same vertebra; top view. ......... ............... ........... 184
37. The same, back \iew-............................... .. ......... 184
38 Caudal vertebra of same individual, front view.... .... ..... ..... 184
39. The same vertebra, sirle view..................................... 184
40. The same, back view.............. ..-.--.-..--..-.--...-......... 184
41. The same, top view ...... .............................. .......... 184
42 Dentary hone of Nanosaurus agihs Marsh, seen from the left........ 200

'43. Ilium of same individual; left sule.............. .................. 200
44 Left fern in of Nanosaurus rex Marsh, front view ................... 200
45 Proximal end of same ....................... .......... .... .... 200
46 The same bone; bide view .......................................... 200
47 The same; back view...... ....................................... 200
48. DUtal endof same............ ........... .... ............ ..... 200
49 Terminal phalanx, manus of Ornithoimimis faedens Marsh, sifleview. 205
50. The same phalanx; front view...................................... 205
51 The same; back view. .....--.-..--.--.--.-..--...-..... ......... 205
52 Proximal end of same ..... ...................... .......... ..... 205
53 Map of Converse County, Wyoming ..... ......................... 207
54 Skull of Torosaurns gladuis Marsli.......... ....................... 215
55 Ilium of Claosanrus agilis Marsh ................... ............... 223
56 Restoration of Aetosaurus fetratus Fraas............ ......... ..... 231
57 Diagram of left hind limb of Alligator mississippiensis Gray ........ 232
58 Diagram of left hind limb of Aetosaurus ferratus.................... 232
59. Diagiam of left fore limb of Hallopus victor Marsli................. 233
60. Diagram of left hind limb of same individual....................... 233
61 Left hind leg of Laosaurua censors Marsh........................... 233
62 Diagram of pelvis of Belodon Kapffi von Meyer.................... 234
63. Pelvis of Morosaurus lentus Marsh.................................. 235
64 Pelvis of Ceratosaurus nasicornis Marsh ............................ 236
65. United metatarsal bones of Ceratosaurus nasicornis.................. 236
66. United metatarsal bones of great Penguin-................... ...... 236



THE DINOSAURS OF NORTH AMERICA.

BY O. 0. MARSH.

I3STTRODTJCTIO3Sr.

Among the many extinct animals that lived in this country in past 
ages, none were more remarkable than the diuosaurian reptiles which 
were so abundant during Mesozoic time. This group was then repre­ 
sented by many and various forms, including among them the largest 
land animals known, and some, also, very diminutive. In shape and 
structure, moreover, they showed great variety, and in many other 
respects they were among the most wonderful creatures yet discovered.

The true place of these reptiles in the animal kingdom has been a 
matter of much discussion among anatomists, but the best authorities 
now regard them as constituting a distinct subclass of the Eeptilia. 
Some of the large, eailier forms are apparently related to the Croco- 
dilia, while some of the later, small, specialized ones have various 
points of resemblance to birds. These diversified characters make it 
difficult to classify the dinosaurs among themselves, and have led some 
writers to assert that these reptiles do not form a natural group, but 
belong to divisions remotely connected and not derived from a common 
ancestry.

It is not within the province of the present article to discuss in 
detail the classification of this group, nor to treat fully the various 
questions relating to the genealogy of dinosaurs, about which little is 
really known. It may, however, be stated in few words that three 
great divisions of the Dinosauria are now generally recognized, which 
may be properly regarded as distinct orders. For these groups the 
writer has proposed the names Theropoda, for the one including the 
carnivorous forms, and Sauropoda and Pre&entata, for the two herbiv­ 
orous groups, the last order being made up of three separate suborders; 
namely, the Stegosauna, the Ceratopsia, and the typical Ornithopoda. 
The first of these suborders contains large dinosaurs more or less pro­ 
tected by a dermal covering of bony plates; the second group inclndea 
the huge horned dinosaurs; and the third is made up of the forms that 
in shape and structure most nearly resemble birds.
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144 DINOSAURS OF NORTH AMERICA.

The nearer relations of these groups to one another and to allied 
forms will be treated more fully in the concluding portion of this article.

The geological range of the Dinosauria, so far as at present known, 
is confined entirely to the Mesozoic, or the Ago of Reptiles. The first 
indications of the group are found in the lower Triassic, and during 
this period these reptiles increased in number and size. In Jurassic 
time they were especially abundant, and in size and diversity of form 
far surpassed all other forms of vertebrate life then existing. During 
the entire Cretaceous they were represented by many strange and 
highly specialized types, and at the close of this period all apparently 
became extinct.

The wide geographical extent of these reptiles is also of interest. 
While North America seems to have contained the greatest number of 
different types, some of the larger species are now known to have lived in 
the southern half of this continent. Europe stands next to America in 
variety and number of these reptiles, large and small. In Asia, Africa, 
and Australia, also, characteristic remains have been discovered, and 
doubtless many more will be found at no distant day. The geological 
horizons in which the dmosaunan remains of the Old World occur are 
essentially the same as those in which the corresponding types have 
been found in America.

The introduction and succession of the Dinosauria in North America 
form a most interesting chapter in the life-history of this continent, and 
one that has an important bearing on geology as well. As these rep­ 
tiles were the dominant types of land animals during the whole of 
Mesozoic time, and the circumstances under which they lived were 
especially favorable to the preservation of their remains, the latter 
mark definite geological horizons, which have proved of great serv­ 
ice lu ascertaining the age of large series of strata containing few 
other characteristic fossils. In this way one important horizon in the 
Jurassic and another in the Cretaceous have been accurately 
determined by the remains of the gigantic dinosaurs entombed in 
them, while still other lines have been approximately drawn by less 
characteristic fossils from the same group of reptiles.

In describing briefly the various dinosaurs now known to have lived 
in North America, it will be most instructive to begin with the oldest, 
m the Triassic, and then treat of their successors as they left their 
remains in subsequent deposits of Jurassic and Cretaceous age. To 
make this succession clear to the reader, the diagram on page 145 (tig. 1) 
has been prepared. This diagram represents the principal geological 
horizons of vertebrate fossils in North America, as determined by the 
writer, and if carefully examined will be found in reality to be a synop­ 
sis of the whole subject. The first appearance, so far as known, of 
each important group of vertebrate animals may be ascertained, 
approximately, from the data given. Some of the more recent genera of 
each group are also recorded, with the period in which they lived.
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Equus Beds. 
Pliohippus Beds.

Miohippus Beds. 
Oreodon Beds. 
Brontotherium Beds

Equus, Tapirus, Elephas.
$Pliohippus, Tapiravus, Mastodon, Procamelus. 
lAcerotherium, Uox, Morotherium, Platygonux.

Miohippus, Diceratherium, Thinohyus, Protoceras. 
$Oreodon, Eporevdon, Hycenndon, Moropus, Ictops. 
{Hyracodon, Agriochcerus, Colodor LLytochceru*. 
\-Tlrontotherium, Jirontops, Allops, Tita-rtvpd, Titano 

therium, Mesoltippim, Ancodus, Entelodon.

Dipla<;otlon Bedis. 
Dinoceras Beds. 
Heliobatls Beds. 
Coryphodoii Beds.

Diplacodon, Epihippun, Amynodun, Eomeryx. 
\Dinoceras, Tinoceras, Vintatherium, Palceosyops, 
I Orohippus, Hyrachyus, Colonoceras, Homctcodon. 
Heliobatw, Amia, Lepidosteus, Asineops, Clupea. 

> Coryphodon, Eohippits, Eohyus, Hyracops. Parahyus. 
{Lemurs, Ungulates, Tillodonts, Kodeuts, Serpents.

Ceratops Beds of
Laramie Series. 

Fox

Colorado (Series, or 
Pteranodoii Beds.

Dakota Group.

Atlanto^aurusBeds. 
Baptanodon Beds. 
Hallopus Beds.

Otozoum, or 
Conn. Eiver, Beds.

Kothodon Beds.

Tapir, Peccary, Bison.
.Bo*, Equus, Tapirus, Dicotylee,

Ceratops, Triceratops, Claosaunts, OrnitTiomimus,
Mammals, OimolofflyS) Dipriodon, Selenacodon,

_ Xa-iiomyops, Stagodon. Birds, Oimolopteryx.____

Birds with Teeth, Hesperornis, Ichthyornis, Apatornis. 
Mosasaurs, Edextosaurus, Lestosaurus, Tylosaurus. 
Pterodactyls, Pteranodon. Plesiosaurs, Turtles.

Dinosaurs, Erontosaurus, Moro&aurus. Diplodocus, 
Steffosauruft, Camptosaurus, Ceratosaurus. Mam­ 
mals, Dryolestea, titylacodon, Tinodon, Ctenacodon.

First Mammals, Dromatherium. First Dinosaurs,
Avtchisaurus, Ammosaurus, Jiathygnathus, Clepsy- 
saurus. Many footprints. Crocodiles, Belodon. 

Fishes, Catopterus, Ischypterus, Ptycholepis.

Reptiles, Nothodon, Eryops, Sphenacodon.

(,'oal Measures, or 
Eosaurus Beds.

duhcarhoniferoue,
or Sanropus Beds.

First Jieptiles (?) Eusaurus. Amphibians, Baphetes, 
Dendrerpcton, Hylonomus, Pelion. Footprints,
Anthracopus, Allopu*, Barupus, Dromopus, Eylo- 
pus, Li'mnopus, Nasopus.

First known Amphibians (Labyriuthodoiits). 
Footprints, Sauropits, Tfienaropus.

Dinichthys Beds. 

Lower Devonian.

Dinichthys, Acanthodes, Bothriolepis, iChirolepis, Cla- 

dodus, Dipterus, Titanichthys.

Upper Silurian.

Lower Silurian.

First known Fishes.

Primordial.

Euronian.
No Vertebrates known.

Laiirentian.

FIG. 1. GEOLOGICAL HORIZONS OF VERTEBRATE FOSSILS IN NORTH AMERICA. 
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PART 1.

TRIASSIC DINOSAURS.

THEROPODA.

The remains of dinosaurs first discovered in this country were found 
in the Triassic sandstone of the Connecticut Valley, so famous for its 
fossil footprints, many of which were long supposed to have been made 
by birds. It is a remarkable fact that the first discovery in this sand­ 
stone was that of the skeleton of a true dinosaur, found in East Wind­ 
sor, Conn., in 1818, many years before the first footprints were recorded. 
This discovery was announced in the American Journal of Science for 
November, 1820, and later numbers contain descriptions of tlie remains, 
some of which are now preserved in the museum of Yale University.

Fin. 2. Slab of Connecticut River sandstone; showing footprints of two dinosaurs on a surface 
marked by raindrop impressions. One-tenth natural size. Triaasic, Massachusetts.

When the footprints in the Connecticut sandstone first attracted 
attention, in 1835, many of these impressions resembled so closely 
those made by birds that they were from the first attributed to that 
class, and for many years it was not seriously questioned that all the 
three-toed impressions, even the most gigantic, were really the foot­ 
prints ,pf birds. The literature on this subject is very extensive, but 
its value to science has beeu seriously impaired by the discovery ot 
dinosaurian remains in various parts of the world, which prove that 
many of these reptiles were remarkably bird-like and that their tracks 
could not be distinguished from those of birds.
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It was also found that some of the most bird-like footprints of the 
Connecticut Valley were not made by birds, but by quadrupeds which 
usually walked on their hind feet, yet sometimes put their fore feet 
to the ground. Others occasionally sat down, and left an impression 
which proved that they, too, were not birds. Still others showed rep­ 
tilian affinities in various ways ; so that to day it may be stated that 
there is no evidence that any of these impressions in the Connecticut 
sandstone were made by birds. This is true, also, of similar bird-like 
footpiints from strata of the same age in different portions of this 
country, and will likewise hold good for similar impressions from other 
parts of the world. It is quite probable that birds existed during the 
Tnassic period, but at present there is no proof of it.

A few bones of a dinosaur were found at Upper Milford, Lehigh 
County, Pa., in 1847, in strata regarded as Triassic. The animal was 
named Clepsysanrus pennsylvanicus by Dr. Isaac Lea, in the Proceed 
ings of the Academy of Natural Sciences of Philadelphia, in 1851, and 
he subsequently described and figured the remains in the Journal of 
the Academy in 1853. They are now preserved in the museum of that 
society.

The next discovery of importance in this formation was reported 
from Prince Edward Island. Canada. The specimen was an upper jaw 
with teeth, m good preservation, indicating a true dinosaur of consid­ 
erable size. This specimen was figured and described under the name 
Bathytjnathus borealis by Dr. Lcidy in the Journal of the Academy of 
Natural Sciences of Philadelphia for 1854, and is now in the museum 
of that institution.

The next important discovery of a Tnassic dinosaur in this country 
was made in the Connecticut sandstone about 1856, at Springfield, 
Mass., and portions of the skeleton are now preserved at Amherst 
College. This animal was a true carnivorous dinosaur, very similar to 
the first one described, and from essentially the same horizon. This 
discovery was announced by Prof. Edward Hitchcock in 1858, in his 
Ichuology of New England, and the remains were described and fig­ 
ured by Edward Hitchcock, jr., in 1865, in a supplement to the above 
volume. The animal was then named Megadactylus polyzelus, and 
its affinities have since been discussed by various authors.

ANCHISATJKUS.

A discovery of greater interest was made m 1884, near Manchester, 
Conn. The skeletou of another carnivorous dinosaur of larger size, but 
nearly allied to the one last mentioned, was found in a coarse conglom­ 
erate, in essentially the same horizon of the Connecticut Eiver sand­ 
stone. This skeleton was probably complete and in position when 
discovered, but as its importance was not recognized at the time the 
posterior portion only was saved, which was secured later by the writer
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for the Yale University museum. This part consisted of the nearly 
entire pelvic arch, with both hind limbs essentially complete and in the 
.position they were when the animal died. The remains preserved 
indicate an animal about 0 or 8 feet in length, which was named Anclii- 
saiirus major by the writer, in the American Journal of Science for 
April, 1889. 1 This generic title replaced Megadactylus, which was pre­ 
occupied. Subsequently, in 1801, this specimen was made the type of 
the genus Ammosaurus.

A still more importa-nt discovery of another small dinosaur was made 
later at the same locality, only a few feet distant from the spot where 
the fossil last mentioned was entombed. This reptile, named Anchisau- 
rus colurus by the writer, is one of the most perfect dinosaurs yet dis­ 
covered in the Triassic. The skull and limbs and most of the skeleton 
wore in fair preservation, and in natural position, so that nearly all 
the important points of the osseous structure can be determined with 
certainty. Some of these are here placed on record as typical of the 
group.

THE SKULL

The skull was somewhat crushed and distorted, but its main featmes 
are preserved. In PI. II, fig. 3, a side view of this skull is given, one- 
half natural size. One prominent feature shown in this view is the 
bird-like character of the skull. The nasal aperture is small and well 
forward. There is an antorbital opening and a very large orbit. The 
latter is elongated-oval in outline. It is bounded in front by the pre- 
frontal, above by the same bone and a small extent of the frontal, and 
further back by the postfrontal. The postorbital completes the orbit 
behind and the jugal closes it below. The supratemporal fossa is large 
and somewhat triangular iu outline. The mfratemporal fossa is quite 
large and is bounded below by a slender quadratojugal. The quadrate is 
much inclined forward. The teeth are remarkable for the great number 
in use at one time. Those of the upper jaw are inclined forward, while 
those below are nearly vertical. The lower jaw has the same general 
features as this part in the typical Theropoda.

In PI. Ill, figs. 1 and 2, the same skull is shown, also one-half 
natural size. The top of the skull, represented in fig. 1, is consid­ 
erably broken, and this has made it difficult to trace the sutures, but 
the general form and proportions of the upper surface are fairly repre­ 
sented. In fig. 2 ouly the back portion of the cranium is shown. The 
foramen,magnum is remarkably large, and the occipital condyle is 
small and oblique. The basipterygoid processes are unusually short.

The neck vertebrae of this skeleton are long and slender and very 
hollow. Their articular ends appear to be all plane or slightly con­ 
cave. The trunk vertebrae are more robust, but their centra are quite 
long. The sacrals appear to be three m number.

1 The original descriptions of nearly .ill the other fossils discussed in the present paper may be found 
in the same journal
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THE FOUE LIMBS

The scapular arch is well preserved. The scapula, shown in PI. II, 
fig, 2, s, is verv long, with its upper end obliquely truncated. The> 
coracoid is unusually small and iinperforate. The sternum was of car­ 
tilage, some of which is preserved. The humerus is of the same 
length as the scapula and its shaft is very hollow. The radius and 
ulna also are both hollov, and are nearly equal in size.

There is but one carpal boue ossified in this specimen, and this is 
below the ulna. There were five digits in the maims, but only three 
of functional importance, the first, second, and third, all armed with 
sharp claws. The fifth was quite rudimentary. The fore foot of the 
type species of Auchisaurus is shown, one-half natural size, on PI. ITI, 
fig. 5.

THE HIND LIMBS

The pelvic bones are shown in fig. 3 of PI. II. The ilium is small, 
with a slender preacetabular process. The ischia are elongated, and 
their distal ends are slender and not expanded at the extremity. The 
pubes are also long, imperforate, and not coossified with each other. 
The anterior part is a plate of moderate width.

The femur is much curved and longer than the tibia. The latter is 
nearly straight, with a narrow shaft. The fibula when in position was 
not close to the tibia, but curved outward from it. All these bones 
have very thin walls. The astragalus is small, closely applied to the 
tibia, and has no ascending process. The calcaneum is of moderate 
size and free. There are only two tarsal bones in the second row.

The hind foot had four functional digits, all provided with claws. 
The fifth was represented only by a rudiment of the metatarsal. The 
first digit was so much shorter than either the second, third, or fourth, 
that this foot would have made a three-toed track very much like the 
Suppo&ed bird-tiacks of the Connecticut River sandstone.

ANCHISACJUTJS SOLUS.

A fortunate discovery has recently brought to light almost the 
entire skeleton of still another diminutive dinosaur, which may be 
referred to Anclusaurus, biit clearly belongs to a distinct species. It 
was found in nearly the same horizon as the remains above described, 
and m the immediate vicinity, so there can be little doubt that it was 
a contemporary. The skeleton is embedded in a very coarse matrix, so 
difficult to remove that the investigation is only in part completed. 
The portions uncovered show the animal to have been about 3 feet in 
length, and of very delicate proportions The bones of the skeleton 
are nearly all extremely light and hollow, but most of them are in a fair 
state of preservation.

The skull, so far as it can now be observed, resembles the one just 
described. The teeth are numerous, and inclined forward. The orbit
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is very large. The quadrate is inclined forward, and the lower jaw is 
robust. The entire skull is about 65mm long, and the lower jaws are 
of the same length.

The neck was very long and slender, the first five cervicals measur­ 
ing SO 01 in extent. The dorsals are also elongated, the last six cover­ 
ing a space of 135mm. The number of vertebrae in the sacrum can not 
yet be determined. The caudal vertebrae are short, the first ten occu­ 
pying a space of 140mm .

The humerus has a very large radial crest, and is 66mm in length. 
The rest of the fore limb, so far as made ont, is similar to that in the 
species described. The tibia is about 88mm in length. There were five 
digits in the hind foot, but the fifth is represented only by the rudi­ 
mentary metatarsal. The animal was about as large as a small fox.

AMMOSATJRTJS.

The genus Ammosaurus, represented by remains of larger size from 
the same strata, was also a typical carnivorous dinosaur, and appar­ 
ently a near ally of Anchisaums. So far as at present known," the 
footprints of the two reptiles would be very similar, differing mainly 
in size.

On PI. Ill, fig. 6, is shown an entire hind foot of Ammosaurns, one- 
fourth natural size. In this foot the tarsus is more complete than in 
Anchisaums. The astragalus has no true ascending process, the cal- 
caneum is closely applied to the end of the fibula, and there are three 
well-developed bones in the second row. The fifth digit had only a 
single phalanx. The sacrum and ilia of the type species of Ammo­ 
saurus are shown in fig. 3, and the ischia of Anchisaums in fig. 4.

RESTORATION OP ANCHISATJRTJS. 

PLATE IV.

The Triassic dinosaurs known from eastern North America have now 
been briefly reviewed. Remains of seven individuals are sufficiently 
well preserved to indicate the main characters of the animals to which 
they pertained. These were all carnivorous forms of moderate size, 
and the known remains are from essentially the same geological horizon.

The genus Anchisaurus, one of the oldest known members of the 
Theropoda, is so well represented by parts of fonr skeletons from these 
deposits that a restoration of one species can now be made with con­ 
siderable certainty. This has been attempted, and the result is given, 
one-twelfth natural size, in the accoinp*anying PI. IY. The animal was 
about 6 feet in length.

The skeleton chosen for this restoration is the type specimen of 
Anchisaurus colurus, described by the writer in the American Journal 
of Science in 1891 and 1893. This skeleton when discovered was entire, 
and apparently in the position in which the animal died. Portions of
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the Deck and the tail vertebrae were unfortunately lost, but the skull 
and nearly all the test of the skeleton were saved. The parts missing 
are fortunately preseived in a smaller specimeu of au allied species 
(Anchisaurus solus) found at the same locality, and these have been 
used to complete the outline of the restoration. Portions of two other 
specimens, nearly allied, and from the same horizon, were also avail­ 
able, and furnished some suggestions of value.

The restoration, as shown on PI. IV, indicates that Anchisaurus 
column was one of the most slender and delicate dinosaurs yet dis­ 
covered, being surpassed in this respect only by some of the smaller 
bird-like forms of the Jurassic. The position chosen is one that must 
have been habitually assumed by the animal during life, but the com­ 
paratively large fore limbs suggest the possibility of locomotion on all 
four feet. The compressed terminal digits of the fore feet, however, 
must have been covered by very sharp claws, which were used mainly 
for prehension, and not for walking.

The small head and bird-like neck are especially noticeable. The 
ribs of the neck and trunk are very slender. The tail apparently 
differed from that of any other dinosaur hitherto described, as it was 
evidently quite slender and flexible. The short neural spines and the 
dimiuutive chevrons, directed backward, indicate a tail not compressed, 
but nearly round, and one usually carried free from the ground.

DINOSAURIAN FOOTPRINTS

The present restoration will tend to clear up one point loug in doubt. 
The so-called "bird tracks" of the Connecticut River sandstone have 
been a fruitful subject of discussion for half a century or more. That 
some of these were not made by birds has already been demonstrated 
by finding with them the impressions of fore feet. Although no boues 
were found near them, others have been regaided as footprints of birds 
because it was supposed that birds alone eonld make such series of 
bipedal, three-toed tracks and leave no impression of a tail.

It is now evident, however, that a dinosauriaii reptile like Auchi- 
saurus and its near allies must have made footprints very similar to, if 
not identical with, the "bird tracks" of this horizon. On a firm but 
moist beach only three-toed impressions would have been left by the 
hind feet, and the tail could have been kept free from the ground. On 
a soft, muddy shore the claw of the first digit of the hind foot would 
have left its mark, and perhaps the tail also would have touched the 
ground. Such additional impressions the writer has observed in vari­ 
ous series of typical "bird tracks" in the Connecticut sandstone, and 
all of them were probably made by dinosaurian reptiles. On PI. V and 
also p. 146, fig. 2, are shown several series of Triassic footprints, which 
 were probably all made by dinosaurs. No tracks of true birds are 
known in this horizon.
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DISTRIBUTION OF TRIASSIC DINOSAURS

It is a remarkable fact that the seven skeletons of Tnassic dino­ 
saurs now known from the eastern part of this continent are all car­ 
nivorous forms and of moderate size. There is abundant evidence from 
footprints that large herbivorous dinosaurs lived here at the same time, 
but no bones nor teeth have yet been found. In the western pait of 
this country a few fragments of a large dinosaur have been discovered 
iii strata of supposed TnahSic age, but with this possible exception 
osseous remains of these forms appear to be wanting in this horizon.

Fragmentary remains, also, of dinosaurs have been found in the Tri- 
asMC deposits of Pennsylvania and North Carolina, but they tlnow little 
light on the animals they represent. Footprints, apparently made by 
dinosaurs, occur in New Jersey in the same horizon as those of the Con­ 
necticut Valley. Impressions of similar form have been discovered also 
in the Triassic sandstones of New Mexico. A few bones of a large dnio- 
saurian were found by Prof. J. S. Newberry, iii strata apparently of 
this age, in southeastern (Ttah. These remains were named by JPro- 
fessor Cope, Dystrophceus mmmaltv, in 1877, but their near affinities have 
not been determined. A single vertebra, apparently belonging in this 
group, had been pre\iously found at Bathurst Island, Arctic America, 
and described by Prof. Leith Adams, in 1875, under the generic name 
Arctosaurns.

The European Triassic dinosaurs, with which the American forms 
may be compared, are mainly represented by the two genera Theco- 
dontosaurus Eiley and Stutchbury, from the uppei Trias, or Ehajtic, 
near Bristol, in England, and Plateosaurus (Zanclodou) vou Meyer, 
from nearly the same horizon in Germany. The writer has investigated 
with care the type specimens and nearly all the othei known remaius 
of these genera found at these localities.

liemams of dinosaurs have been found in Triassic strata, also, in 
India, in South Africa, and in Australia, but the specimens discovered 
were mostly fragmentary, and apparently indicate no new types.

PAliT II. 

JUUASSIC DINOSAURS.

During the Jurassic period the dinosaurs of North America attained 
remarkable development, and, as a group, appear to have, reached their 
culmination. The Theropoda, or carnivorous forms, which were so abuu- 
dant, though of moderate size, in the Triassic, were represented in the 
Jurassic by many and various forms; some were very minute, but others 
were of gigantic size and dominated all living creatures during this age. 
The herbivorous dinosaurs, however, were the most remarkable of all, 
 some far surpassing iu bulk any known land animals; others, also of 
huge dimensions and clad in coats of mail, assumed the most bizarre
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appearance; while others still,,diminutive in size and of light and grace­ 
ful form, were so much like birds that only a comparative anatomist, 
with well-preserved skeletons of both before him, could tell one from 
the other. In this case, at least, a single tooth or bone would not 
suffice, though a Cuvier sat m judgment.

In* the western part of this country, especially in the Rocky Mountain 
region, vast numbers of dinosaurs lived and flourished during all Juras­ 
sic time. Their remains are so abundant, and so perfectly preserved 
m many localities, that those already obtained have furnished the basis 
for a classification of the whole group. This classification, first pro­ 
posed by the writer in the American Journal of Science in 1881, and 
subsequently emended, may be appropriately used here in considering 
the American dinosaurs from this formation. It will be discussed more 
fully in the concluding part of the present paper.

THEROPODA

"Near the base of the Jurassic in the Rocky Mountain region an 
interesting geological horizon has been defined as the Hallopus beds, 
since here only remains of a remarkable dinosaunan, named by the 
writer Hallopus victor, have been found. The position of this horizon 
is shown in the diagram on page 145 (fig. 1). Another reptile, Naiio- 
saurus, the most diminutive dinosaur known, occurs m the same strata. 
This horizon is believed to be lower than that of the Baptanodon beds, 
although the two have not been found together. The Hallopus beds 
now recognized are m Colorado, below the Atlantosaurus beds, but are 
apparently quite distinct from them.

HALLOPUS.

The type specimen of Hallopus, the only one known, is the greater 
part ot the skeleton of an animal about the size of a rabbit. This was 
described by the writer in 1877, and referred to the Diuosauria. Oil 
further investigation it was found to be distinct from all the known 
members of that group, and m 1881 it was made the type of a new 
suborder, the Hallopoda. One of the most distinctive characters, 
which separated it widely from all known dinosaurs, was seen in the 
tarsus, which had the calcaneum much produced backward. This 
feature, in connection with the greatly elongated metatarsals, suggested 
the generic name Hallopus, or leaping foot.

The general structure of the pelvis, especially of the ilium andpubis, 
as well as the proportions ol the entire hind limb, suggested an affinity 
with Compsognathus, from the Jurassic of Bavaria, and the writer, in 
his classification of the dinosaurs, in 1882, placed the Hallopoda next 
to the suborder Compsognatha, which belongs in the great group of 
carnivorous dinosaurs, the Theropoda.

The writer has since reexaniined the type specimen and had various 
parts of it uncovered, so far as the hard matrix of red sandstone would " 
permit. This has brought to light other portions of the skeleton, so
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that now many of the more important characters of the group can be 
determined with certainty.

FORK AND HIND LIMBS

In its present condition the specimen shows both the fore and hind 
limbs in good preservation, portions of the scapular arch, and appar­ 
ently the entire pelvis and sacrum, various vertebrse, ribs, and other 
parts of the skeleton. It is doubtful if any portions of the skull are 
sufficiently well preserved for determination. On PI. VI are given out­ 
line restorations of the fore and hind limbs of this specimen.

The scapula is of moderate length, and its upper portion broad and 
thin. The humerus is slender, with a strong radial crest. The shaft is 
very hollow, with thin walls, and the cavity extends almost to the distal 
end. The latter is but little expanded transversely. The radius and 
ulna are short, and were closely applied to each other. There were but 
four digits m the manus, the- first being short and stout, and the others 
slender.

Fin J Left leg and foot of HMopui victor Marsh, side view Natural size 
a, astragalus, c, calcaneiira, d, tarsal, /, femur, t, tibia, //, second metatars.il, V, lemiiant of fifth 

me ta tarsal

All three pelvic bones aided in forming the acetabulum, as in typical 
dinosaurs. The ilia are of the carnivorous type, and resemble in form 
those of Mogalosaurus. The pubes are rod-like, and projected down­ 
ward and forward. The distal ends are closely applied to each other, 
but not materially expanded, and in the present specimen are not 
coossin'ed with each other. The ischia projected downward and back­ 
ward, and their distal extremities are expanded, somewhat as in the 
Crocodilia.

The femur is comparatively short, with the shaft curved and yery 
hollow. The tibia is nearly straight, much longer than the femur, and 
its shaft equally hollow. The fibula was slender and complete, but 
tapered much from above downward. Its position was not 111 front of 
the tibia, as in all known dinosaurs, but its lower extremity was out- 
.side, and apparently somewhat behind, the tibia.

The astragalus is large, and covered the entire end of the tibia, but 
was not coossified with it. The oalcaneum is compressed transversely,
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and much produced backward. It was closely applied to the outside of 
the astragalus, and although agreeing in general form with that of a 
crocodile, strongly resembles the corresponding bone in some mamnjals. 
The tarsal joint was below the astragalus and calcaueum. There 
appears to be but a single bone in the second tarsal row, although this 
may be composed of two or more elements.

There were but three functional digits in the hind foot, and their 
metatarsals are greatly elongated. The first digit seems to be wanting, 
and the fifth is represented only by a remnant of the metatarsal. The 
posterior hinbs, as a whole, were especially adapted for leaping, and are 
more slender than in almost any other known reptile.

The main characters of the posterior liinb are shown in fig. 3, on the 
opposite page, which represents the bones of the left leg and foot, nat­ 
ural size, in the position in which they lay when uncovered. All the 
bones figured are still firmly embedded in the matrix.

There are but two vertebra in the sacrum. The other vertebrse pre­ 
served have their articular faces biconcave. The chevrons are slender 
and very elongate.

Taken together, the known characters of Hallopiis clearly indicate 
dinosaurian affinities rather than those of any other group of reptiles, 
and if the Dinosauria are considered a subclass the Hallopoda at pres­ 
ent may be regarded as a group of dinosaurs standing further apart 
from typical forms than any other.

CCELURUS.

In the horizon above, the Atlautosaurus beds of the upper Jurassic, 
the carnivorous dinosaurs are of larger size, and some of them were 
among the most powerful and ferocious reptiles known. The one 
nearest Hallopus in size and general characteristics is Ccelurus, 
described by the writer in 1879 and now known from several skeletons, 
although no good skull has yet been discovered.

The skull of Ccelurus is known only from fragments. The teeth are 
typical of the order Theropoda. One is shown on PI. VII, fig. 1. The 
most marked feature in all the known remains of Ccelurus is the 
extreme lightness of the bones, the excavations in them being more 
extensive than in the skeleton of any other known vertebrate. In the 
vertebrae, for example, the cavities are proportionately larger than in 
either pterodactyls or birds, the amount of osseous tissue retained being 
mainly confined to their exterior walls. In PI. VII cervical, dorsal, 
and caudal vertebrae are figured, with transverse sections of each to 
illustrate this point. Even the ribs of Ccelurus are hollow, with well- 
defined walls to their large cavities.

THE VERTEBRAS

The vertebrae of Coelurus now known are from various parts of the 
column, and most of them are in good condition. Three of these are 
represented, natural size, in Pi. VII. The cervicals are large and elon
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gate, and were locked together by strong zygapophyses. The first 
three or four behind the axis had the front articular face of the cen­ 
trum somewhat convex, and the posterior one deeply concave. All 
the other cervicals were biconcave, as were also the vertebrae of the 
trunk and tail. The articular faces of the cervicals are in'clined, show­ 
ing that the neck was curved. The anterior cervical ribs were coossified 
with the centra, as in birds. Figs. 2, 2a, and 26, PI. VII, represent a 
cervical vertebra from near the middle of the neck. The cavities in 
the cervicals are connected with the outside by comparatively large 
pneumatic openings. The neural canal is very large, and traces of the 
neurocentral suture are distinct.

The dorsal vertebne of Ccehirus are much shorter than the cer­ 
vicals. The centra have a deep cup in front and a shallow concavity 
behind. These articular faces are nearly at right angles to the axis of 
the trunk. The neural spine is elevated and compressed. The trans­ 
verse processes are elongate. The ribs preserved have undivided 
heads. A posterior dorsal is represented in PI. VII, figs. 3, 3a, and 3b. 
Thesuture of the neural arch is distinct in this specimen. The foramina 
leading to the cavities in the dorsal vertebros are quite small.

The caudal vertebrae are elongate and very numerous. They are all 
biconcave, and all appear to have been without chevron bones. An 
anterior caudal is figured in Pi. VII, fig. 4, and the accompanying 
section shows the inner structure. In most of the caudals, the iieuro- 
central suture has entirely disappeared.

Tilt HIND I.IMBS

The limb bones of Ccelurus are very hollow, and some of them appear 
pneumatic. The metatarsals are quite long and slender. The terminal 
phalanges of the hind feet are pointed, and in life were evidently covered 
with sharp claws. The ilium is of the Megalosaurus type. The pubes 
are slender, strongly coossified with each other, and terminated below 
by a large root-like piocess, as shown in Pl.X, figs. 3 and 4.

The characters of Ooslurus are so distinctive that it appears to 
represent a separate family, which has been called by the writer the 
Coslnridae. Several species of the genus are known in this country, all 
of moderate dimensions, varying in si/e from that of a fox to that of a 
wolf. Nearly all are from the Atlantosaurus beds of the West, but one 
small species has been found in the Potomac beds on the Atlantic Coast.

CERATOSAURUS.

The most interesting carnivorous dinosaur from the American Juras­ 
sic, and the one best known, is Ceratosaurus, which differs so widely 
from the typical forms that it has been regarded as representing a dis­ 
tinct suborder. The type specimen of Oeratosaurus, described by the 
writer in 1884, presented several characters not before seen in the 
Diuosauria. One of these is a horn core ou the skull; another is a
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new type of vertebra as strange as it is unexpected; and a third is seen 
in the pelvis, which has the bones all coossified, as in existing birds. 
Among adult birds Archreopteryx alone has the pelvic bones separate, 
,and this specimen of Ceratosaurus is the first dinosaur found with all 
the pelvic bones anchylosed. The metatarsal bones arc also coossi­ 
fied, a feature characteristic of birds, but not known hitherto in any 
dinosaur.

THE SKUI,L.

The skull of Geratosaurus nasicornis is verv large in proportion to 
the rest of the skeleton. The posterior region is elevated, and mod­ 
erately expanded transversely. The facial portion is elongate, and 
tapers gradually to the muzzle. Seen from above, the skull resembles 
in general outline that of an alligator. The nasai openings are sepa- 
i ate and lateral, and are placed near the end of the snout, as shown in 
PI. VIII.

Seen from the side, this skull appears lacertilian in type, the general 
structure being light and open. From this" point of view one special 
feature of the skull is the elevated, trenchant horn core, situated on 
the nasals (PI. VIII, fig. 1, b). Another feature is the large open­ 
ings on the side of the skull, four in nuinbei. The first of these is the 
anterior nasal orifice; the second, the very large triangular antorbital 
foramen; the third, the large oval orbit; and the fourth, the still larger 
lower temporal opening. A fifth aperture, shown in the top view of 
the skull (PI. VIII, fig. 3, h), is the supratemporal fossa. These open­ 
ings are all characteristic of the Theropoda, and are found also in the 
Sauropoda, but the antorbital foramen is not known in any other 
Dinosauna.

The plane of the occiput, as bounded laterally by the quadrates, 
slopes backward. The quadrates are strongly inclined backward, thus 
forming a marked contrast to the corresponding bones in Diplodocus 
and other Sauropoda. The occipital condyle is hemispherical in gen­ 
eral form, and is somewhat inclined downward, making a slight angle 
with the long axis of the skull. The basioccipital processes are short 
and stout. The paroccipital processes are elongate and flattened, and 
hut little expanded at their extremities. They extend outward and 
downward, to join the head of the quadrate.

The hyoid bones appear to be four in number. They are elongate, 
rod-like bones, somewhat curved, and in the present specimen were 
found nearly in their original position.

The parietal bones are of moderate size, and there is no pineal fora­ 
men. The median suture between the parietals is obliterated, but 
that between these bones and the frontals is distinct.

The frontal bones are of moderate length, and are closely united on 
the median line, the suture being obliterated. Their union with the 
nasals is apparent on close inspection.
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The nasal bones are raorfe elongate than the froutals, and the suture 
uniting the two moieties is obsolete. These bones support entirely the 
]arge, compressed, elevated horn core on the median line. The lateral 
surface of this elevation is very rugose, and furrowed with vascular 
grooves. It evidently supported a high, trenchant horn, which must 
have formed a most powerful weapon for offense and defense. No 
similar weapon is known m any of the carnivorous Dinosauna, but it 
is not certain whether this feature pertained to all the members of this 
group or was only a sexual character.

The premaxillanes are separate, and each contained only three func­ 
tional teeth. In the genera Compsognathus and Megalosaurus, of this 
order, each premaxillary contained four teeth, the same number found 
in the Sauropoda. In the genus Creosaurus, from the American Juras­ 
sic, the premaxillanes each contain five teeth, as shown in PI. XII, 
fig. 1.

The maxillary bones m the present specimen are large and massive, 
as shown in PI. VIII, fig. 1. They unite in front with the premaxil- 
laries by an open suture; with the nasals, laterally, by a close union; 
and with the jugal behind, by squarnosal suture. The roaxillanea are 
each provided with fifteen functional teeth, which are large, powerful, 
and trenchant, indicating clearly the ferocious character of the animal. 
These teeth have the same general form as those of Megalosaurus, and 
the dental succession appears to be quite the same.

Above the antorbital foramen on either side is a high elevation 
composed of the prefroutal bones. These protuberances would be of 
service in protecting the orbit, -which they partially overhang.

The orbit is of moderate size, oval in outline, with the apex below. 
It is bounded in front by the lachrymal, above this by the prefroutal, 
and at the summit the frontal forms for a short distance the orbital 
border. The postt'rontal bounds the orbit behind, but the jugal com­ 
pletes the outline below.

The jugal bone is J.-shaped, the upper branch joining the postfrontal, 
the anterior branch uniting with the lachrymal above and with the 
maxillary below. The posterior branch passes beneath the quadrato- 
jugal, and with that bone completes the lower temporal arch, which is 
present in all known dinosaurs.

The quadratojugal is an L-shaped bone, and its anterior branch is 
united with the jugal by a close suture. The vertical branch is closely 
joined to the outer face of the quadrate.

The quadrate is very long and compressed autero-posteriorly. The 
head is of moderate size, and is inclosed in the squamosal. The lower 
extremity of the quadrate has a double articular face, as in some birds. 
One peculiar feature of the quadrate is a strong hook on the upper 
half of the outer surface. Into this hook a peculiar process of the 
quadratojugal is inserted, as shown in PI. VIII, fig. 1.

The pterygoid bones are very large and extend well forward. The
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posterior extremity is applied closely to the, inner side of the quad­ 
rate. The middle part forms a pocket, into which the lower extremity 
of the basipterygoid process is inserted. To the lower margin of the 
pterygoid is united the strong, curved transverse bone which projects 
downward below the border of the upper jaws, as shown in PI. VIII, 
fig. 1, t.

' There is a very short, thin columella, which below is closely united 
to the pterygoid by suture, and above fits into a small depression of 
the postfroiital.

The palatine bones are well developed, and after joining the ptery- 
goids extend forward to the union with the voniers. The latter are 
apparently of moderate size.

The parasphenoid is well developed and has a long, pointed, anterior 
extremity.

The whole palate is remarkably open, and the principal bones com­ 
posing it stand nearly vertical, as m the Sauropoda.

THE BRAIN

The brain in Ceratosaurus was of medium size, but comparatively 
much larger than in the herbivorous dinosaurs. It was quite elongate, 
and situated somewhat obliquely m the cranium, the posterior end being 
inclined downward. The position of the brain in the skull, and its rela­ 
tive size, are shown m PI. VIII, fig. 3. A side view of the brain cast is 
shown in PI. LXXVII, fig. 2.

The foramen magnum is small. The cerebellum was of moderate size. 
The optic lobes were well developed and proportionately larger than the 
hemispheres. The olfactory lobes were large and expanded. The pitu­ 
itary body appears to have been of good size.

THE LOWER JAWS

The lower jaws of Ceratosauvus are large and powerful, especially in 
the posterior part. In front the rami are much compressed, and they 
wer$ joined together by cartilage only, as in all dinosaurs. There is a 
large foramen m the jaw, similar to that in the crocodile, as shown in 
PI. VIII, fig. 1, /'. The dentary bone extends back to the middle of this 
foramen. The splenial is large, extending from the foramen forward 
to the symphysial surface, and forming in this region a border to the 
upper margin of the dentary. There were fifteen teeth in each ramus, 
similar in form to those of the upper jaws.

THE VERTERR*,

The cervical vertebrae of Ceratosaurus differ m type from those in 
all other known reptiles. With the exception of the atlas, \sjhich ia 
figured in PI. IX, fig. 1, all are strongly cupped on the posterior end of 
each centrum. In place of an equally developed ball on the anterior 
end, there is a perfectly flat surface. The size of the latter is such that 
it can be inserted only a short distance in the adjoining cup, and this
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distance is accurately marked on the centrum by a narrow articular 
border, just back of the flat, anterior face. This peculiar articulation 
leaves more than three-fourths of the cup unoccupied by the succeed­ 
ing vertebra, forming, apparently, a weak joint. This feature is shown 
in PI. IX, figs. 2, 3, and 4.

The discovery of this new form of vertebra shows that the terms 
opisthocoftlian and prowelian, in general use to describe the centra of 
vertebrie, are inadequate, since they relate to one end only, the other 
being supposed to correspond in form. The terms convexo-concave, 
concavo-convex, plano-concave, etc., would be more accurate and equally 
euphonious.

In Ceratosaurus, as in all the Theropoda except Coelurus, the cervical 
ribs are articulated to the centra, not coossiflcd with them, as in the 
Sauropoda. The latter order stands almost aloue among dinosaurs in 
this respect, as all the Predentata Stegosauna, Ceratopsia, and the 
Ornithopoda have free ribs in the cervical region.

The dorsal and lumbar vertebra are biconcave, with only moderate 
concavities. The sides and lower surface of the centra are deeply exca­ 
vated, except at the ends, as shown in PI. IX, fig. 5. These vertebrae 
show the diplosphenal articulation seen in Megalosaurus, and also in 
Creosaurus, as shown in PI. XII, fig. 5.

All the presacral vertebra arc very hollow, and this is also true of 
the anterior caudals.

There are five well-coossified vertebras in the sacrum in the present 
specimen of Ceratosaurus nasicornis. The transverse processes are 
very short, each supported by two vertebra, and they do not meet at 
their distal ends.

The caudal vertebrae are biconcave. All the anterior caudals, except 
the first, supported very long chevrons, indicating a high, thin tail, 
well adapted to swimming (PI. IX, fig. 6). 'The tail was quite long, 
and the distal caudals were very short.

THE .SCAPULAR ARCH

The scapular arch of Ceratosaurus is of moderate' size, but the fore 
limbs were very small. The humerus is short, with a strong radial crest. 
The radius and ulna are also very short, and nearly equal in size. The 
carpal bones were only imperfectly ossified. There were four digits in 
the fore foot, and all were armed with sharp claws. The second and 
third digits were much larger than the first and fourth, and the fifth 
was entirely wanting.

THK PELVIC AEOH

The pelvic bones in the Theropoda have been more generally mis- 
uuderstood than any other portion of the skeleton in dinosaurs. The 
iha, long considered as coracoids, have been usually reversed in posi­ 
tion; the ischia have been regarded as pubes; while the pubes them­ 
selves have not been considered as part of the pelvic arch.
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Fortunately, in the present specimen of Geratosaurus, the ilium, 
ischium, and pubes are firmly coossifled, so that their identification 
and relative positions can not be called in question. The ilia, more­ 
over, were attached to the sacrum, which was in its natural place in the 
skeleton, and the latter was found nearly in the position in which the 
animal died. The pelves of Ceratosaurus and of Allosaurus are shown 
in PI. X.

The ilium in Ceratosaurus has the same general form as in Megalo- 
saurus. In most of the other Theropoda, also, this bone has essentially 
the same shape, and this type may be regarded as characteristic of the 
order, except in Triassic forms. In Creosaurus the anterior wing is 
more elevated, and the emargination below it wider, as shown in PI. 
XII, fig. 2, but this may be due in part to the imperfection of the border.

The ischia in Ceratosaurus are comparatively slender. They project 
well backward, and for the last half ot their length the two are in close 
apposition. The distal ends are coossifled and expanded, as shown in 
PI. X.

The pubes in Ceratosaurus have their distal ends coossified, as in all 
Jurassic Theropoda except Hallopus. They project downward and for­ 
ward, and their position in the pelvis is shown in PI. X. Seen from the 
front, they form a Y-shaped figure, which varies in form in different 
genera. The upper end joins the ilium by a large surface, and the 
ischium by a smaller attachment. The united distal ends are expanded 
into an elongate, massive foot, as shown, in PI. X, which is one of the 
most peculiar and characteristic parts of the skeleton. The pubes of 
Ccelurus are represented on the same plate.

The extreme narrowness of the pelvis is one of the most marked 
features in this entire group, being in striking contrast to its width 
in the herbivorous forms found with them. If the Theropoda were 
viviparous, which some known facts seem to indicate, one difficulty, 
naturally suggested in the case of a reptile, is removed.

Another interesting point is the use of the large foot at the lower end 
of the pubes, which is the most massive part of the skeleton. The only 
probable use is that it served to support the body in sitting down. 
That some Triassic dinosaurs sat down on their ischia is proved con­ 
clusively by the impressions in the Connecticut River sandstone. In 
such cases the leg was bent so as to bring the heel to the ground. The 
same action in the present group would bring the foot of the pubes to 
the ground, nearly or quite under the center of gravity of the animal. 
The legs aud ischia would then naturally aid in keeping the body bal­ 
anced. Possibly this position was assumed habitually by these fero­ 
cious biped reptiles while lying in wait for prey.

The femur is much curved, and the shaft very hollow. The tibia is 
shorter than the femur, nearly straight, and has a large cnemial crest. 
The astragalus is not coosified with the femui, and has a strong ascend­ 
ing process. The fibula is well developed, and nearly straight, its distal 
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end fitting into the calcaneum. The tarsals of the second row are very 
thin, and united to the metatarsals below them.

THK METATARSALS.

One of the most interesting features in the extremities of Ceratosau- 
rus is seen in the metatarsal bones, which are completely anchylosed, 
as were the bones of the pelvis. There are only three metatarsal 
elements in the foot, the first and fifth having1 apparently disappeared 
entirely. The three metatarsals remaining, which are the second, third, 
and fourth, are proportionately shorter and more robnst than in the 
other known members of the order Theropoda, and, being firmly united 
to each other, they furnish the basis for a very strong hind foot.

4

FIG. 4. United raetatareal bones of Veratosaurua nasicomis Marsh: left foot; front view. One- 
fourth natural size.

FIG. 5. United loetatarsal bones of great Penguin (Aptenodytes Pennawtii G. E. Gr.); left foot; 
front view. Natural size.
/, foramen: JI, If I. 7F, second, third, and fourth metatarsala.

In fig. 4, above, these coosified metatarsals of Ceratosaurus are repre­ 
sented, and in fig. 5 the corresponding bone of a penguin is given for 
comparison.

In comparing these two figures, it will be seen that the three meta­ 
tarsal elements of the dinosaur are quite as closely united as those of 
the bird. To the anatomist familiar with the tarsometatarsal bones of 
existing birds the specimen represented in fig. 4 will appear even more 
like this part in the typical birds than the one shown in fig. 5.

The position of the foramen, as seen in fig. 4,/, is especially charac­ 
teristic of recent birds, and, as a whole, the hind foot of this Jurassic 
dinosaur was evidently similar to that of a typical bird.

All known adult birds, living and extinct, with possibly the single 
exception of Archseopteryx, have the metatarsal bones firmly united,
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while all the Dinosauria, except Ceratosaurus, have these bones sepa­ 
rate. . The exception m each case brings the two classes near together 
at this point, and their close affinity has new been cleaily demonstrated.

RESTORATION OF CERATOSAURUS.

PLATK XIV

The restoration of Ceratosaurus on PI. XIV represents the rep tile one- 
thirtieth natural size, and in a position it must have frequently assumed.

ALLOSAURUS.

Of the other carnivorous dinosaurs of the American Jurassic, three 
genera, Allosaurus, Creosaurus, and Labrosaurus, are especially worthy 
of notice. All were represented by species of large size, the natural 
enemies of the gigantic herbivorous forms that were so abundant m the 
same period. All had powerful jaws, sharp, cutting teeth, and a flexible 
neck. The fore limbs were quite small, and the feet were armed with 
strong claws for seizing living prey. The hind limbs were large and 
strong, and the animals used them alone in ordinary locomotion. These 
three genera may be separated by distinctive characters, and it is proba­ 
ble that they were not all contemporaneous.

The genus Allosaurus contains the largest carnivorous dinosaurs 
known. It may be readily distinguished from Ceratosaurus by the ver- 
tebrte and the pelvis, or the feet. 1 The cervicals are opisthoccehan in­ 
stead of plano-concave, and the pelvic bones and metatarsals are free, as 
shown in Pis. X and XI. In Creosaurus, a smaller allied form, the teeth 
in the premaxillaries are more numerous, while the sacrum contains 
fewer vertebraj (PI. XII). Labrosaurus is evidently a quite different 
type, for the dentary bone is edentulous in front, as shown in PI. XIII.

EUROPEAN THEROPODA.

From the Jurassic of Europe the best-known carnivorous form is 
Megalosaurus, so named by Buckland, in 1824, the type specimen hav­ 
ing been found in England, near Oxford. Although the first genus of 
dinosaurs described, but little has been made out in regard to the 
structure of the skull, and many portions of the skeleton remain to be 
determined. Its nearest American representative is probably Allosau- 
rns, and both genera include species of large size.

The most interesting member of the Theropoda known in Europe is 
the diminutive specimen described by Wagner, in 1861, as Compsogna- 
thus longipes. The type specimen, the only one known, is from the 
lithographic slates of Solenhofen, Bavaria, and is now preserved in the 
museum in Munich. Fortunately, the skull and nearly all the skeleton 
are preserved, and as the specimen has been studied by many anato­ 
mists its more important characters have been made out. It is regarded 
as representing a distinct suborder, and no nearly related forms are 
known in Europe. A restoiation in outline of this interesting dinosaur 
has been prepared by the writer, and will be iound on PI. LXXXI1.

1 The skull of Allosaurus ferox Marsh bas an apertnrw in the maxilhiry in front ot the autorhital 
opening Tins aperture is not present in Ct rfitosaimis
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SAUROPODA.

The herbivorous dinosaurs of the American Jurassic are of special 
interest. To begin with the order Sauropoda, which includes the most 
primitive and gigantic, forms, it is an interesting fact that the first 
specimen found in this country was one of the rarest of the group, and 
one of the most diminutive. A few teeth and bones only were obtained 
by Prof. P. T. Tyson, about 1858, near Bladensburg, Md. The teeth 
were named Astrodon by Dr. Christopher Johnston, in 1859, and in 
1865 were described and figured by Dr. Leidy. The type specimens are 
now in the Yale museum, and one tooth is represented below in fig. 6. 
The strata containing these remains are known as the Potomac beds, 
but their exact age is a matter of doubt. They have been referred by 
some geologists to the Jurassic, and by others to the Cretaceous.

FIG. 6 Tooth of Astrodon Johnstmi Leidy. Natural size. Potomac, Maryland. 
a, outer view; b. end view; c. inner view.

ATLANTOSATJRUS BEDS.

The first known specimen of Sauropoda from the West was secured 
by the writer in August, 1868, near Lake Como, in Wyoming Territory. 
This fossil, an imperfect vertebra belonging to the genus since named 
Morosaurus, was found in the upper Jurassic clays, in the horizon now 
known as the Atlantosaurus beds. The section on page 145 will show 
the position of these beds in the geological scale, and their relation to 
other deposits in which Dinosauria have been found. This locality has 
since become one of the most famous in the entire Rocky Mountain 
region, and the writer has secured from it remains of several hundred 
dinosaurs, among which are many of the type specimens here described.

Remains of an enormous dinosaurian were found in 1877, near Morri- 
son, Colo., by Prof. Arthur Lakes and Capt. H. C. Beckwith, (J. S. N., 
and this was the beginning of a series of similar discoveries. These 
remains, described by the writer in the American Journal of Science 
for July of that year, proved to be those of a dinosaur far surpassing 
in size any previously known, and having characters that indicated a 
new order of these reptiles."
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When first found these fossils were supposed to be from the Dakota 
group, but their upper Jurassic age was soon after determined by the 
writer from evidence that placed the horizon beyond dispute. The 
name Titanosawrus montanus was given by' the writer to this reptile 
when first described, but as the generic designation proved to be preoc 
cupied, Atlantosaurus was substituted.

A third Rocky Mountain locality which proved to be especially pro­ 
lific m dmosauis was found the following year, by Mr. M. P. Felch, a 
few miles north of Cauyon, Colo., and in essentially the same horizon 
as the last-mentioned locality. Here were found the type specimens 
of some of the most interesting dinosaurs yet discovered in this country, 
all of them in fine preservation, and not infrequently in the exact posi­ 
tion in which they died. Other localities of interest have been found in 
the same region.

Another locality of Sauropoda, more recently explored by the writer, 
is in South Dakota, on the eastern slope of the Black Hills. This is 
the most northern limit now known of the Atlantosaums beds, which 
form a distinct horizon along the eastern flanks of the Rocky Mountains, 
marked at many points by the bones of gigantic dinosaurs, for nearly 
500 miles. The strata are mainly shales or sandstones of fresh-water 
or estuary origin. They usually rest unconformably upon the red Tri- 
assic series, and have above them the characteristic Dakota sandstones.

On the western slope of the Rocky Mountains the Atlantosaurus beds 
are also well developed, especially in Wyoming, but here they have 
immediately below them a series of marine strata, which the writer has 
named the Baptanodon beds, from the largest reptile found in them. 
This horizon, also of Jurassic age, is shown m the section on page 145. 
One of the best exposures of the entire Jurassic series may be seen near 
Lake Como, Wyoming.

Besides the dinosaurs, which are especially abundant, the Atlanto­ 
saurus beds also contain numerous remains of extinct crocodiles, tor­ 
toises, and fishes, and with them have been found a small pterodactyl 
and a single bird. Many small mammals, also, have been described by 
the writer from the same beds.

FAMILIES OF SAUUOPODA.

The Sauropoda of the American Jurassic are worthy of special atten­ 
tion, and so fai1 as now known they may be divided into four families: 
the Atlantosauridse, which include the largest forms; the Diplodocidse 
and Morosauridas, both represented by gigantic species; and the small 
Pleurocoelidse, which were apparently the last survivors of the order in 
this country. Remains of the first three families are abundant in the 
Atlantosaurus beds of the West, but it is not certain that all were con­ 
temporaneous. The Pleuroctelidse are especially characteristic of the 
Potomac beds on the Atlantic coast.

All the known members of these families were quadrupedal, with the 
fore and hind limbs nearly equal in length. The head was very small
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and the neck long, with its vertebrae opisthocoelian and lightened by 
inner cavities, thus allowing- free motion.

The limb bones of all \vere solid, and the feet plantigrade, with five 
toes on each. The tail was especially long and massive. The general 
form and proportions of these reptiles are indicated in PL XLII, which 
represents the skeleton of a species of Brontosaurus, one of the typical 
genera of the Atlantosauridae.

ATLANTOSA UBIDA1 

ATLANTOSATJRTJS.

The present family was named by the writer m 1877, the type genus 
being Atlantosaurus. The type specimen of the first species described, 
Atlantosaurus montanus, is the sacrum represented in fig. 1, PL XVII, 
which shows characteristic features of the sacrum of the entire group 
Sauropoda, and thus distinguishes it from that of the other known 
dinosaurs. A second and larger species, Atlantosaurus immanis, was 
described by the writer in the following year, and on PL XVI are repre­ 
sented two pelvic bones and a femur, which belong to the type specimen, 
and give an idea of its gigantic size. The fernur is over 6 feet long, 
and this, with other portions of the skeleton, indicates an animal about 
70 or 80 feet in length. The pubis and ischium, represented in posi­ 
tion in fig. 1, are especially characteristic of the family, as will be 
seen by comparing them with the corresponding parts of other allied 
genera, as shown in PL XXXVI.

At the same locality where these remains were found, portions of a 
skull were discovered, one of which is figured on PL XV. This speci­ 
men, which is the posterior part of the skull, is of much interest, and 
shows characters which separate it from all other corresponding remains 
of dinosaurs. The most marked feature is a distinct pituitary canal 
leading from the brain cavity down through the base of the skull, as 
shown in fig. 2 of PI. XV. This canal appears to be a marked char­ 
acter of the family Atlantosauridae. Other points of interest in these 
remains will be discussed later in the present paper.

APATOSAUKUS.

Another genus of the present family is Apatosaurus, also described 
by the writer in 1877, and from the same geological horizon in Colo­ 
rado. The sacrum represented in fig. 2, PL XVII, may be regarded as 
the type specimen. It has the same general features as the sacrum of 
Atlantosaurus, shown on that plate, but it has only three coossified 
vertebrae instead of four.

THE SACRAL CAVITY.

The neural canal in this sacrum, and indeed in all the sacra of the 
Sauropoda, is much enlarged, being especially expanded above each 
vertebra] centrum, thus leaving a vaulted chamber in the united neural 
arches of the sacral vertebra. A cast of this cavity in the type speci­ 
men of Apatosaurus is shown in fig. 3, PI. XVIII.
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This enlargement of the neural cord in the sacral region exists to 
some degree in reptiles and birds now living, but does not approach that 
found in the Sauropoda, or especially that in the Stegosauria, where, 
as will be shown later in the present article, this expansion reaches its 
maximum, and its functional importance must make it a dominant fac­ 
tor in the movements of the reptiles in which it is so highly developed. 
This great development has been found only in extinct reptiles in which 
the brain was especially diminutive, and the relation of the two nervous 
centers to each other offers a most interesting problem to physiologists.

THE VERTEBRAE.

In PI. XVIII, fig. 1, is shown a posterior cervical vertebra of Apato- 
saurus, and in fig. 2 of the same plate a dorsal vertebra is also repre­ 
sented, both being typical of the family Atlantosauridse. The cervical

FIG. 7. Cervical rib of Apatosaurua ajax Marsh; outer view. 
FIG. 8. The same rib; inner view.
Both figures are one-eighth natural size, a, anterior extremity; ft, beail; r, posterior process: 

t, tubercle.

vertebra, seen from behind, shows the deep, transverse cup of the poste­ 
rior articular end of the centrum, as well as the coossified cervical ribs, 
both typical of the Sauropoda. A cervical rib of one species is shown 
in figs. 7 and 8.

The dorsal vertebra, seen from in front, presents the convex anterior 
ball of the centrum, and also the massive neural arch of the vertebra, 
with its elevated metapophyses, constituting a neural spine. The 
expanded diapophyses, or transverse processes, are especially note­ 
worthy, as they aid in supporting the massive ribs, their extremities 
articulating with the tubercle of the rib, while the head is supported 
at the base of the arch by a sessile facet representing the parapoph- 
ysis of the cervicals. The small neural canal in each vertebra is also 
an interesting feature, especially when contrasted with the expanded 
cavity in the sacrum shown in fig. 3 of the same plate.
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The scapula and coracoid of Apatosaurus, shown iu PI. XIX, fig. 1, 
are also characteristic features of the family they represent. The shaft 
of the scapula is not expanded above in any of the genera of the Atlan- 
tosauridse, although this expansion is characteristic of the genus 
Morosaurus and the family Morosauridae, as shown in the same plate, 
fig. 2. Another important difference is indicated on this plate, in the 
coracoids, that of Apatosaurus being nearly square in outline, while in 
Morosaurus and its allies the contour of the coracoid is subovate.

BKONTOSAXJRTJS.

The best-known genus of the Atlantosaundae is Brontosaurus, 
described by the writer in 1879, the type specimen being a nearly 
entire skeleton, by far the most complete of any of the Sauropoda yet 
discovered. It was found in the Atlantosaurus beds, near Lake Ooino, 
Wyoming, and the remains were nearly in the position in which they 
were left at the death of the animal. This fortunate discovery has 
done much to clear up many doubtful points in the structure of the 
whole group Sauropoda, and the species Brontosaurus excelsus may be 
taken as a typical form, especially of the family Atlantosauridse. The 
animal was about 60 feet in length. A second species, equally gigantic, 
has since been found in the same region

In PL XX, fig. 1. a characteristic tooth of Brontosaurus is shown, 
which may also be regarded as typical for the family. In fig. 2 of the 
same plate the dentary bone is shown, with the teeth m outline. This 
bone is one of the most characteristic of the whole skeleton, as will be 
seen by comparing it with the corresponding parts of other Sauropoda 
represented in the following plates.

The genus Brontosaurus may be readily distinguished from all the 
other Sauropoda by the sacrum, which is composed of five anchylosed 
vertebrie, none of the other genera in this group having more than four. 
The sternum, moreover, consists of two separate bones, which are 
panal, and were united to each other on the median line apparently 
by cartilage only. In several other respects the genus resembles 
Morosaurus.

The present species, aside from its immense size, is distinguished by 
the peculiar lightness of its vertebral column, the cervical, dorsal, and 
sacral vertebrae all having very large cavities in their centra. The 
first three caudals, also, are lightened by excavations in their sides, a 
feature first seen m this genus, and one not observed in the other 
families of this group.

THE SCAPULAR ARCH.

The scapular arch in the present species is, fortunately, better known 
than that of any other member of the present order. In PI. XXII the 
various bones are represented m position, and in fig. 2 of the same plate 
a sternal bone is shown separately. The scapula resembles in general 
form the corresponding bone in Apatosaimis, but the shaft is longer 
and the upper end somewhat wider.
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The coracoid approaches more nearly that of Apatosaurus, which is 
subquadrate in outline. In PI. XXII the scapnla and coracoid of the 
present species are placed Dearly in the same plane, and the space 
between them probably represents about the amount of cartilage which 
originally separated them. Both scapulte were found in apposition with 
their respective coracoids.

The two sternal bones lay side by side between the two coracoids, 
and in this plate they are represented nearly as found. They are sub- 
oval in outline, concave above, and convex below. They are parial, 
and when in position neaily or quite meet on the median line. Each 
bone is considerably thickened in front, and shows a distinct facet for 
union with the coracoid. The posterior end is thin and irregular. The 
sternal ribs represented in figs. 12-15, p. 171, were found near the sternal 
bones. The sternum of a young ostrich is shown for comparison on PI. 
XXII, fig. 3.

THE CERVICAL VEHTEBRjE

The cervical vertebrte of the present species are quite numerous, 
thirteen at least belonging ID this part of the column. All are strongly 
opisthoccelian. The anterior cervicals are very small in comparison 
with those near the dorsal region. From the third vertebra to the mid­ 
dle of the neck the centra increase in length and especially in bulk, 
but the posterior cervicals gradually become shorter. In PI. XX, figs. 
3 and 4, the sixth cervical is represented, and this is typical for the 
anterior half of the neck. All the anterior cervicals have coossified 
ribs, as in birds. In the posterior cervicals the ribs occasionally become 
free (PI. XXI, fig. 1). The articular facet for the head of the rib rises 
gradually on the side of the centrum, the tubercular articulation remain­ 
ing on the diapophysis. None of the cervicals have a neural spine. 
The neural canal is comparatively small. The centra of all the cervi­ 
cals have deep excavations in the sides, and the transverse processes 
are more or less cavernous. The posterior cervicals which bear free 
ribs are remarkable for the great size of the zygapophyses, which are 
here much larger than elsewhere in the series. The anterior cervicals 
have several lateral cavities, while those farther back have only one 
large foramen m each side of the centrum, as in the dorsals.

THE DORSAL VERTEBRAE

The dorsal vertebrje of this species have short centra, more or less 
opisthocoelian. There is a very large cavity in each side, which is sep­ 
arated from the one opposite by a thin vertical partition. The neural 
canal is much larger than m the cervicals. The anterior dorsals are 
distinctly opisthocoelian. The neural spine has no prominence in this 
region, but rises rapidly farther back. In PI. XXI, figs, 2 and 3, a pos­ 
terior dorsal is represented, which shows the peculiar character of the 
vertebra; in this part of the series. The neural spine is greatly devel­ 
oped and has its summit transversely expanded. The vertebrte in this 
region, as in all the known Sauropoda, have the peculiar diplosphenal
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articulation. This is shown in fig. 3. In the vertebra figured, at the 
base of the neural spine, there is a strong anterior projection, which 
was inserted into the cavity between and above the posterior zyga- 
pophyses of the vertebra in front. There appear to be no true lumbar 
vertebra, as those near the sacrum supported free ribs of moderate 
size. The vertebrae in this region have both faces of the centrum nearly 
flat or biconcave. An anterior dorsal rib is shown below.

THE SACRUM.

The sacrum in the present species consists of five well-coossified ver­ 
tebrae, and in the type specimen the centrum of the last lumbar is 
firmly united with it, as shown in PI. XXIII. The striking feature

9

FIG. 9. Proximal end of rib of lirvntoxauruft excelxux Marsh; front view.
FIG. 10 The same bone; hack view.
FIG. 11. The flame; superior view.
All the figures are one-eighth natural size, c, cavity; ft, head; (, tubercle.

about this sacrum is the large general cavity it contained. This was 
divided in part by a median longitudinal partition, as shown in 
PI. XXIII, fig. 2. The septum, however, was not continuous the 
whole length of the sacrum, so that the two lateral cavities were vir­ 
tually one. This extended even into the lateral processes. The trans­ 
verse partitions formed by the ends of the respective centra were also 
perforate, so that the sacrum proper was essentially a hollow cylinder. 
The cavernous character of the sacrum is one of the peculiar features 
of the suborder Sauropoda, and was described by the writer when 
the first species of this group was discovered in this country. The
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statement that any of the species has the sacrum solid is evidently 
based on erroneous observation.

Another peculiar character of the sacrum in the present genus is its 
lofty neural spine. This is a thin, vertical plate of bone with a thick 
massive summit, evidently formed by the union of the spines of several 
vertebrae. In front it shows rugosities for the ligament uniting it to 
the adjoining vertebra, and its posterior margin likewise indicates a 
similar union with the first caudal. In this genus, as in all the Sau- 
ropoda, each vertebra of the sacrum supports its own transverse proc­ 
esses. As shown in PL XXIII, the articulation for the ilium is 
formed by the coossiflcation of the distal ends of the transverse 
processes. The neural canal is much enlarged in the sacrum, but less 
proportionally than in Stegosaurus.

12 13

FIG. 12. Sternal ribs of Jlrontosaurua exceltus; outer view.
FIG. 13. The same specimen; inner vie\r.
FIG. 14. Sternal rib of same individual; outer view.
FIG. 15. The same rib; Inner view.
All the figures are one-eighth natural size.

THE CAUDAL VERTEBK^E.

In the present species the three vertebra next behind the sacrum 
have moderate-sized cavities between the base of the neural arch and 
the transverse processes. These shallow pockets extend into the base 
of the processes, but the centra proper are solid. All the other cau- 
dals have the centra, processes, and spines composed of dense bone. 
The fourth caudal vertebra, represented in PL XXIV, figs. 2 and 3, is
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solid throughout, and the same is true of the chevron, figs. 4 and 5. 
The neural spines of the anterior caudal vertebrae are elevated and 
massive. The summit is cruciform in outline, due to the four strong 
buttresses which unite to form it.

The median caudals all have low, weak spines, and no transverse 
processes. The posterior caudals are elongate and without spines or 
zygapophyses.

THE PELVIC ARCH.

The pelvic bones in the present species are shown in fig. 16. The 
ilium represented is not quite perfect on its upper margin. Its ante­ 
rior process for the support of the pubis is much larger than the poste-

FIG. 16. Pelvis of Brcmtosa/umt* excelsut; seen from the left. One-sixteenth natural size, 
a, acetabulum; /, foramen in pubis; it, ilium; if, iscnium; p, pubis.

rior one which meets the ischium. The pubis is elongate and massive. 
It sends down a strong wing for union with the ischinm, and has in 
front of this the usual foramen. The distal end is expanded, and has 
on the inner surface a rugose facet for union with its fellow by cartilage. 
The ischium is more slender than the pubis, and has its lower end 
expanded for symphysial union with the one on the other side (PL 
XXIV, figs. 1 and la). This pelvis is more like that of Atlautosaurus
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than any other of the known genera of the Sauropoda. The three 
bones shown in fig. 16 were found nearly in the position represented.

THE FORK LIMBS.

The fore limbs of Brontosaurus, as in most of the Sauropoda, were 
of large size and of massive proportions. The limb bones are all solid, 
and those of the feet are quite robust. There were five well-developed 
digits in the manus, and the metacarpals were all moderately elongate. 
A characteristic example is shown in figs. 17-20, below.

17

FIG. 17, Firsttnetacarpal of Brontoxaurus amplus Marsh; front view-
FlG. 18. The same bone; side view.
Flo. 19. Proximal end of same.
FIG. 20. Distal end of same.
AH the figures are one-fourth natural size.

THK HIND LIMBS.

The hind liinbs of Brontosaurus were larger than those in front, and 
the bones were all solid, thus being in remarkable contrast to the ele­ 
ments of the vertebral column. The hind feet were plantigrade, and 
had five powerful digits. The first was very stout, and its terminal 
phalanx, shown in figs. 21-23, supported a powerful claw.

RESTORATION OP BRONTOSAURUS. 

PLATE XUI.

Nearly all the bones represented in this restoration belonged to a 
single individual, which when alive was nearly or quite 60 feet in 
length. The position here given was mainly determined by a careful 
adjustment of these remains. That the animal at times assumed a posi­ 
tion more erect than here represented is probable, but locomotion on 
the posterior limbs alone was hardly possible.
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The head was remarkably small. The neck was long and flexible, 
and, considering its proportions, was the lightest portion of the verte­ 
bral column. The body was short, and the abdominal cavity of mod­ 
erate size. The legs and feet were massive and the bones all solid. 
The feet were plantigrade, and each footprint must have been about a 
square yard in extent. The tail was large and nearly all the bones 
are solid.

The diminutive head will first attract attention, as it is smaller in 
proportion to the body than in any vertebrate hitherto known. The 
entire skull is less in diameter or actual weight than the fourth or fifth 
cervical vertebra.

A careful estimate of the size of Broiitosanrus, as here restored, 
shows that when living the animal must have weighed more than 
20 tons. The very small head and brain, and the slender neural cord, 
indicate a stupid, slow-moving reptile. The beast was wholly without" 
offensive or defensive weapons or dermal armatnre.

21 23

FIG. 21. Terminal phalanx of Brontosaurus cxcelsut; outer view.
FICJ. 22. The same bone; front view.
FIG. 23. The same; inner view.
All the figures are one-fourth natural size.

In habits Brontosaurus was more or less amphibious, and its food 
was probably aquatic plants or other succulent vegetation. The 
remains are usually found in localities where the animals seem to 
have been mired. The type specimen was discovered by W. H. Reed, 
near Lake Como, Wyoming.

BAROSATJRUS.

Another genus of the Sauropoda is indicated by various remains of 
a gigantic reptile described in 1890 by the writer. The most charac­ 
teristic portions examined are the caudal vertebrae, which in general 
form resemble those of Diplodocus. They are concave below, as in the 
caudals of that genus, but the sides of the centra are also deeply" 
excavated.

In the anterior caudals this excavation extends nearly or quite
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through the centra, a thin septum usually remaining. Iii the median 
caudals a deep cavity on each side exists, as shown in figs. 24-26, below.

On the distal caudals the lateral cavity has nearly or quite disap­ 
peared. All the caudal vertebrae are proportionally shorter than in 
Diplodocus, and their chevrons have no anterior projection, as in that 
genus.

The remains on which the present description is based are from the 
Atlantosaurus beds of South Dakota, about 200 miles farther north 
than this well-marked horizon has hitherto been recognized. 1

FIG. 24.   Caudal vertebra of Barosaurug lentus Marsh ; side view. 
FIG. 25.   The same vertebra, in section ; front view. 
TIG. 26.   The same vertebra; bottom view.

All the figures are one-eiehth natural size, a, anterior end; c. face for chevron;/, lateral cavity; 
p, posterior end : «, section.

DIPLODOCUS.2

THE SKULL.

The skull of Diplodocus is of moderate size. The posterior region is 
elevated and narrow. The facial portion is elongate and the anterior 
part expanded transversely. The nasal opening is at the apex of the 
cranium, which from this point slopes backward to the occiput. In 
front of this aperture the elongated face slopes gradually downward to 
the end of the muzzle, as represented in PI. XXV, fig. 1.

Seen from the side the skull of Diplodocus shows five openings : a 
small oval aperture in front, a large antorbital vacuity, the nasal aper­ 
ture, the orbit, and the lower temporal opening. The first of these has 
not been seen in any other Sauropoda ; the large antorbital vacuity is 
characteristic of the Theropoda also; while the other three openings 
are present in all the known Dinosauria.

On the median line, directly over the cerebral cavity of the brain, 
the type specimen of Diplodocus has also a fontanelle in the parietals. 
This, however, may be merely an individual peculiarity.

The plane of the occiput is of moderate size, and forms an obtuse 
angle with the frontoparietal surface.

The occipital condyle is hemispherical in form, and seen from behind 
is slightly subtrilobate in outline. It is placed nearly at right angles

JStrata that may represent this horizon have been observed still farther north, especially in Mon­ 
tana, but have not yet been identified by characteristic fossils. 

'American Journal of Science, 1878-1884.
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to the long axis of the skull. It is formed almost wholly of the basi- 
occipital, the exoccipitals entering but slightly or not at all into its 
composition. The basioccipital processes are large and rugose. The 
paroccipital processes are stout and somewhat expanded at their .ex­ 
tremities, for union with the quadrates.

The parietal bones are small and composed mainly of the arched proc­ 
esses which join the squamosals. There is no true pineal foramen, 
but in the skull here figured (PL XXV) there is the small unossifled 
tract mentioned above. In one specimen of Morosaurus a similar 
opening has been observed, but in other Sauropoda the parietal bones, 
even if thin, are complete. The suture between the panetals and 
frontal bones is obliterated in the present skull, and the union is firm 
in all the specimens observed.

The frontal bones in Diplodocus are more expanded transversely than 
in the other Sauropoda. They are thm along the median portion, but 
quite thick over the orbits.

The nasal bones are short and wide and the suture between them 
and the frontals is distinct. They form the posterior boundary of the 
large nasal opening, and also send forward a process to meet the 
ascending branch of the maxillary, thus taking part in the lateral 
border of the same aperture.

The nasal opening is very large, subcordate in outline, and is par­ 
tially divided in front by slender posterior processes of the premaxil- 
lanes. It is situated at the apex of the skull, between the orbits, and 
very near the cavity for the olfactory lobes of the brain.

The premaxillaries are narrow below, and with the ascending proc­ 
esses very slender and elongate. Along the median line these processes 
form an obtuse ridge, and above they project into the nasal opening. 
Each premaxillary contains four functional teeth.

The maxillaries are very largely developed, more so than in most 
other known reptiles. The den tiger ous portion is very high and slopes 
inward. The ascending process is very long, thin, and flattened, inclos­ 
ing near its base an oval foramen, aijd leaving a large uuossified space 
posteriorly. Above, it meets the nasal and prefrontal bones. Along 
its inner border for nearly its whole length it unites with the ascending 
process of the premaxillary. Each maxillary contains nine teeth, all 
situated in the anterior part of the bone (PI. XXV, fig. 1).

Along their upper margin, on the inner surface, the maxillaries send 
off a thickened ridge, or process, which meets its fellow, thus excluding 
the premaxillaries from the palate, as shown in fig. 27, opposite. Above 
this, for a large part of their length, the ascending processes of the 
maxillaries underlap the ascending processes of the premaxillaries and 
join each other on the median line.

The orbits are situated posteriorly in the skull, being nearly over the 
articulation of the lower jaw. They are of medium size, nearly circular 
in outline, their plane looking outward and slightly backward. No
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indications of sclerotic plates have been found either in Diplodocus or 
in the other genera of Sauropoda.

The supratemporal fossa is small, oval in outline, and directed upward 
and outward. The lateral temporal fossa is elongated, and oblique in 
position, bounded, both above and below, by rather slender temporal 
bars.

The prefrontal and lachrymal bones are both small; the suture con­ 
necting them, and also that uniting the latter with the jugal, can not 
be determined with certainty.

The postfrontals are triradiate bones. The longest and most slender 
branch is that descending downward and forward for connection with 
the jugal; the shortest is the triangular projection directed backward 
and fitting into a groove of the squamosal; the anterior branch, which 
is thickened and rngose, forms part of the orbital border above.

The squamosal lies upon the upper border of the paroccipital process. 
The lower portion is thin and closely fitted over the head of the quad­ 
rate bone.

FIG. 27. Skull of Diplodocus longus Marsh; seen from below. One-sixth natural size.
fc, basioccipital process; eo, exoccipital; 771, maxillary; mpt maxillary plate; o, occipital condyle; 

p, palatine; pm, premaxillary; pt, pterygoid; ps, parasphenoid; §, quadrate; t, transverse bone; 
v, vomer.

The quadrate is elongated and slender, with its lower end projecting 
very much forward. In front it has a thin plate extending inward and 
overlapping the posterior end of the pterygoid.

The quadratojugal is an elongate bone, firmly attached posteriorly to 
the quadrate by its expanded portion. In front of the quadrate it forms 
for a short distance a slender bar, which is the lower temporal arcade.

The palate is very high and roof-like, and composed chiefly of the 
pterygoids, as shown above in fig. 27. The basipterygoid processes are _ 
elongate, much more so than in the other genera of Sauropoda.

The pterygoids have a shallow cavity for the reception of these proc­ 
esses, but no distinct impression for a columella. Immediately in front 
of this cavity the pterygoids begin to expand, and soon form a broad, 
flat plate, which stands nearly vertical. Its upper border is thin, nearly 
straight, and extends far forward. The anterior end is acute and unites 
along its inferior border with the vomer. A little iu front of the middle 

16 GEOL, PT 1  12
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a process extends downward and outward, for union with the transverse 
bone. In front of this process, uniting with it and with the transverse 
bone, is the palatine.

The palatine is a small semioval bone fitting into the concave ante­ 
rior border of the pterygoid, and sending forward a slender process for 
union with the small palatine process of the maxillary.

The vomer is a slender, triangular bone, united in front by its base to 
a stout process of the maxillary, which underlaps the ascending proc­ 
ess of the premaxillary. Along its upper and inner border it unites 
with the pterygoid, except at the end, where for a short distance it 
joins a slender process from the palatine. Its lower border is wholly 
free.

THE BRAIN.

The brain of Diplodocus was very small, as in all dinosaurs from the 
Jurassic. It differed from the brain of the other members of the 
Sauropoda, and from that of all other known reptiles, in its position, 
which was not parallel with the longer axis of the skull, as is usually 
the case, but inclined to it, the front being much elevated, as in the 
ruminant mammals (PI. LXXVI, fig. 4). Another peculiar feature of

FIG. 28. Dentary boue of Diplodocus longus; seeu from the left. One-tliird uatural size. 
a, edentulous border; *, sympuysis.

the brain of Diplodocus was its very large pituitary body, inclosed in a 
capacious fossa below the main brain case. This character separates 
Diplodocus at once from the Atlantosaurida;, which have a wide 
pituitary canal connecting the brain cavity with the throat. In the 
Morosauridae the pituitary fossa is quite small.

The posterior portion of the brain of Diplodocus was diminutive. 
The hemispheres were short and wide and more elevated than the 
optic region. The olfactory lobes were well developed, and separated 
in front by a vertical osseous septum. The very close proximity of the 
external nasal opening is a new feature in dinosaurs, and appears to be 
peculiar to the Sauropoda.

THE LOWER JAWS.

The lower jaws of Diplodocus are more slender than in any of the 
other Sauropoda. The dentary especially lacks the massive character 
seen in Morosaurus, and is much less robust than the corresponding
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bone in Broiitosaurus. The short deutigerous portion in front is" de- 
curved (PI. XXV, fig. 1), and its greatest depth is at the symphysis, as 
shown in fig. 28 above. The articular, angular, and surangular bones 
are well developed, but the coronary and splenial appear to be small.

THE TEETH.

The dentition of Diplodocus is the weakest seen in any of the known 
Dinosauria, and strongly suggests the probability that some of the more 
specialized members of this great group were edentulous. The teeth 
are entirely confined to the front of the jaws (PI. XXV, fig. 1), and 
those in use were inserted in such shallow sockets that they were readily 
detached. Specimens in the Yale museum show that entire series of 
upper or lower teeth could be separated from the bones supporting 
them without losing their relative position. In PI. XXVI, fig. 1, a 
uumber of these detached teeth are shown.

29 30

FIG. 29. Sternal plate of Bronto&aurus amplus; top view. 
FIG. 30. Sternal plate of Morosaurus grandis Marsh.
Both figures are one-eighth natural size, a, bottom view; b, top view ; &', side view; b",endview; 

c, face for coracoid ; d, margin nert to median line ; c, inner front margin; p, posterior end.

The teeth of Diplodocus are cylindrical in form and quite slender. 
The crowns are more or less compressed transversely and are covered 
with thin enamel, irregularly striated. The roots are long and slender 
and the pulp cavity is continued nearly or quite to the crown. In the 
type specimen of Diplodocus there are four teeth, the largest of the 
series, in each premaxillary; nine in each maxillary, and ten in each 
dentary of the lower jaws. There are no palatine teeth.

The jaws contain only a single row of teeth in actual use. These 
are rapidly replaced, as they wear out or are lost, by a series of succes- 
sional teeth, more numerous than is usual in these reptiles. PL XXVI, 
fig. 2, represents a transverse section through the maxillary, just behind 
the fourth tooth. The latter is shown in place, and below it is a series
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of five immature teeth, in various stages of development, preparing to 
take its place. These successional teeth are lodged in a large cavity, 
which extends through the whole dental portion of the maxillary. The 
succession is also similar in the premaxillary teetli and in those of the 
lower jaws.

THE VEKTEBK^E

The vertebral column of Diplodocus, so far as at present known, may 
be readily distinguished from that of the other Sauropoda by both the 
centra and chevrons of the eandals. The former are elongated and 
deeply excavated below, as shown in PI. XXVI, figs. 4= and 5. The 
chevrons are especially characteristic, and to their peculiar form the 
generic name Diplodocus refers. They are double, having both anterior 
and posterior branches, and the typical forms are represented in figs. 6 
and 7 of the above plate.

The cervical and dorsal vertebra} of Diplodocus are represented by 
typical examples on PI. XXVI, fig. 3, and PI. XXVII, and the sacrum 
with ilium attached is shown on PI. XXVIII.

THE bFERNAL BONES.

The sternal bones in Diplodocus are especially large, and m form 
resemble those in Srontosaurus excelsus. Those in Brontosaurus ampins 
are less robust, and are somewhat similar in shape to those of Moro- 
saurus, as shown in figs. 29 and 30.

THE PELVIC GIRDLK

A most characteristic bone of the two families of Sauropoda first 
described is the ischium. In the Atlantosaundse the ischia are mas­ 
sive and directed downward, with their expanded extremities meeting 
on the median line. In the Morosaundas the ischia are slender, with 
the shaft twisted about 90°, directed backward, and the sides meeting 
on the median line, thus appioachmg this part in the more specialized 
dinosaurs. The ischia referred to the genus Diplodocus (PI. XXVIII, 
fig. 3) are intermediate in form and position between those above men­ 
tioned. The shaft is not expanded distally, nor twisted, but was 
directed downward and backward, with the sides meeting on the 
median line.

The feet of Diplodocus are shown in Pis. XXVIII and XXIX.

SIZE AND HABITS.

The type specimen of Diplodocus, to which the skull here figured 
belongs, indicates an animal intermediate in size between Atlanto- 
saurus and Morosaurus, probably 40 or 50 feet in length when alive. 
The teeth show that it was herbivorous, and the food was probably 
succulent vegetation. The position of the external iiares would seem 
to indicate in some measure an aquatic life.
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MOEOSA UBID^R.

MOROSAURTJS.

The genus Morosaurus, the type of the family, was described by the 
writer in 1878, in the American Journal of Science, which contains 
most of the original descriptions of Sauropoda found in this country.

THE SKULL.

The head in this genus was very small. The posterior part of the skull 
resembled that in Diplodocus, but the front was much more massive. 
The lower jaw was especially powerful, as shown by the dentary bone 
figured in PI. XXX, fig. 3. This figure also shows the size and posi­ 
tion of the teeth, one of which is figured in PI. XXXI, figs. 1 and 2.

31 32

FIG. 31. Anterior dors-al vertebra of Motosaurus grandis; front view.
FIG. 32. The same vertebra; side view.
FIG. 33. Transverse section through centrum of same.
All the figures are one-eighth natural size. 6, ball ; c, cup ; d, diapophysis ; /, cavity in centrum; 

tnt metapophysis ; n, neural canal; ns, neural suture ; z, anterior zygapophysis ; z', posterior zyga- 
pophysis.

The brain was very small. Its form and position in the skull are 
shown in fig. 2 of PI. XXX. At the back of the skull there are two 
peculiar bones, called by the writer the postoccipital bones, which are 
shown iu PL XXX, fig. 1.

THE VERTEBRjE.

The neck was elongated, and except the atlas all the cervical verte­ 
brae have deep cavities in the sides of the centra, similar to those in 
birds of flight. They are also strongly opisthocoalous. The atlas and
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axis are not anchylosed together, and the elements of the atlas are 
separate (PI. XXXI).

The dorsal vertebrae are distinctly opisthocoslous. The posterior dor­ 
sals have elongated transverse neural spines, and have deep cavities 
in the sides. An anterior dorsal is shown in figs. 31-33. p. 181. There 
are four vertebrae in the sacrum, all with cavities in the centra. Their 
transverse processes, or sacral ribs, are vertical plates with expanded 
ends. The anterior caudal vertebra; are plano-concave, and nearly or 
quite solid. The tail was elongated, and the chevrons are similar to 
those in crocodiles (PI. XXXIX). The vertebrae of Morosaurus are 
represented on Pis. XXXI-XXXIV.

THE POKE LIMBS.

The scapula is elongated and very large, and the shaft has a promi­ 
nent anterior projection. The coracoid is small, suboval in outline, 
and has the usual foramen near its upper border. These two bones 
are well represented in PI. XIX, nearly in the relative position in 
which they were found. The humerus is very large and massive, and 
its radial crest prominent. This bone is nearly solid, and its ends 
were rough and well covered with cartilage. This is true, also, of all

v'"

FIB. 34. Cast of neural cavityin sacrum of Morosaurus lentus Marsh; side view. One-fourth nat­ 
ural size.

i, i' t i", i"\ intervertebral foramina; v, v' t v", «'", cavities in first, second, third, and fourth sacral 
vertebrae.

the large limb bones in this genus. The radius and ulna are nearly 
equal in size. The carpal bones are separate and quite short. The 
five metacarpals are elongated, and the first is the stoutest. The toes 
were thick, and the un gual phalanges were evidently covered with hoofs. 
Iii PI. XXXVIII, fig. 1, the restoration of the scapular arch and entire 
fore limb of one species of Morosaurus well illustrates this part of the 
skeleton.

THE PELVIS.

The pelvic bones are distinct from each other and from the sacrum. 
The ilium is short and massive, and shows on its inner side only slight 
indications of its attachment to the sacrum. More than half the 
acetabnlnm is formed by the ilium, which sends down in front a strong 
process for union with the pubis, and a smaller one behind to join the 
ischium (PI. XXXV, fig. 1, a and b). The acetabulum is completed 
below by the pubis and ischium. The pubis is large and stont, and
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projects forward and downward, uniting with its fellow on the median 
hue in a strong ventral symphysis. Its upper posterior margin meets 
the ischinm. and contains a large foramen. The ischmm projects down­ 
ward and backward, and its distal eud is uot expanded. The relative 
position and general form of the three pelvic bones in this genus are 
shown in PI. XXXVI, fig. 1, and the entire pelvic arch in PL XXXI. 
The ischia of two species arc shown on PL XXXV. The sacrum of one 
species of Morosaurus is shown on PL XXXI, and that of another on 
PL XXXIII. A east of the sacral cavity of the latter is represented in 
fig. 34, p. 182.

TOE HIND LIMBS

The femur is long and massive, and without a true third trochanter, 
although a rugosity marks its position. The great trochanter is obtuse 
and is placed below the head. The ridge which plays between the tibia, 
and fibula is distinct. The tibia is shorter than the femur. It is with­ 
out a spme or flbular ridge, and its distal end shows that the astrag­ 
alus was separated from it by a cushion of cartilage. The fibula is 
stout, its two extremities nearly equal, and its distal end supports the 
calcaneuni. The tarsal elements of the second row are unossified. The 
h've well-developed digits are similar to those m the manus. The first 
metatarsal is much the largest (PL XXIX, fig. 2). The feet are also 
shown on Pis. XXXVII and XXXVIII.

PLK UROC(ELIDsK.

PLETJROCCELTJg. '

THE SKULL.

The genus Pleurocoalus includes the smallest individuals of the 
Sauropoda found in this country, most of them not being larger than 
existing crocodiles, and some even smaller. The skull is quite small; 
and resembles in its structure that of Morosaurus, but has points of 
similarity also with that of Brontosaurus. The teeth resemble those of 
Diplodocus most nearly, but have shorter roots and are much more 
numerous, the entire upper and lower jaws being furnished with teeth. 
The dentary bone is similar in shape and proportions to that of Bron­ 
tosaurus, differing widely from that of Diplodocus and Morosaurus. 
It is slender and rounded at the symphysis, instead of having the mas­ 
sive, deep extremity seen in Morosaurus. The maxillary also is much 
less robust. The supraoccipital agrees closely in shape with that of 
Morosaurus, and forms the upper border of the foramen magnum, as 
m that genus, lu PL XL, fig. 1, is shown the dentary of Pleuroccelus, 
with the teeth in outline, and beside it are typical examples of the teeth.

THE VERTEBRAE

The ccrvieal vertebrie are very elongate and strongly opisthocrolous. 
The deep cavities in the sides of the centrum are separated only by a 
thin septum of bone, as shown in fig. 3 of the same plate. The dorsal

1 American Journal of Science, 1888
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vertebras are much longer than the corresponding vertebras of Moro- 
saurus, and have :i very long, deep cavity in each side of the centrum, 
to which the generic name refers. All the trunk vertebra} hitherto 
found are proportionately nearly double the length of the corresponding 
centra of Morosaurus, and the lateral cavity is still more elongate. 
These points are shown in the posterior dorsal vertebra represented in 
figs. 4 and 5 of PL XL. The neural arch in this region is lightened by 
cavities, and is connected with that of the adjoining vertebrae by the 
diplospheual articulation. A dorsal centrum of another species is 
shown below in figs. 35-37.

The sacral vertebrae in Pleurocoalus are more solid than in Moro­ 
saurus, but more elongate. The surface for the rib, or process which 
abuts against the ilium, is well in front, more so than in any of the known

35 36

Fie. 35. Dorsal vertebra of Pleuroccelus mmtanus Marsh; Bide view. 
FIG. 36. The same vertebra; top view. 
FIG. 37 The same; back view.

38 39 40

Fie. 38. Caudal vertebra of same individual; front view. 
FIG. 39. The same vertebra; side view. 
FIG. 40. The same; back view. 
FIG. 41. The same; top view.
All the figures are one-half natural size, a, anterior end; /, cavity m centrum; n, neural canal; 

3?, posterior end.

Sauropoda. Behind this articular surface is a deep pit, which somewhat 
lightens the centrum. These characters are seen in the sacral vertebra 
represented in figs. 6 and 7 of PI. XL.

The first caudal vertebra has the centrum very short, and its two 
articular faces nearly flat, instead of having the anterior surface deeply 
concave, as iu the other known Sauropoda. An anterior caudal is 
shown iu figs. 38-41, above. The neural spines iu this region are com­ 
pressed transversely. The middle and distal caiidals are comparatively 
short and the former have the neural arch on the front half of the 
centrum, as shown iu figs. 8 to 11 of PI. XL.

The bones of the limbs and feet preserved agree in general with those
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of the smaller species of Morosaurus, but indicate au animal of slighter 
and more graceful build. The metapodials are much more slender and 
the phalanges are less robust than in the other members of the order, as 
shown in PI. XLI.

DISTRIBUTION OF THE SAUROPODA.

In the preceding pages the most important forms of the Sauropoda 
now known from North America have been briefly described and illus­ 
trated. The only remains known from other parts of America are a few 
fragmentary specimens recently found in Patagonia, and described by 
Lydekker, under the generic names Argyrosaurus aud Titanosaurus, 
in the Anales del Museo de La Plata, 1893. The specimens now known, 
although in poor preservation, show distinctive characters of the order 
Sauropoda, and mdicate reptiles of gigantic size. The discovery is 
interesting and will doubtless soon be followed by others of more 
importance.

In England remains of Sauropoda have long been known, and the 
first generic name given was Gardiodou, proposed by Owen, 1111841, aud 
based on teeth alone. A number of other generic names have since 
been proposed, and several are still in use, Among these are Cetio- 
saurus and JBothriospondylus Owen, Pelorosanrus Mantell, JEpysaurus 
and Hoplosaurus Gervais, Ornithopsis Seeley, and Encarnerotus Hulke. 
Tlie absence of the skull, and the fact that most of the type specimens 
pertain to different parts of the skeleton, render it difficult, if not impos­ 
sible, to determine the forms described, and especially their relations 
to one another.

COMPARISON WITH EUROPEAN FORMS

Iii examining the European Sauropoda with much care the writer 
was impressed by three prominent features in the specimens investi­ 
gated :

(1) The apparent absence of any characteristic remains of the Atlan- 
tosauridse, which embrace the most gigantic of the American forms.

(2) The comparative abundance of another family, CardiodoutidsB, 
nearly allied to the Morosaimdse, but, as a rule, less specialized.

(3) The absence, apparently, of all remains of the Diplodocidse.
A number of isolated teeth and a few vertebra? of one immature indi­ 

vidual appear to be closely related to the PlcuroccelithB, but this, for 
the present, must be left in doubt.

A striking difference between the Cardiodoutidae and the allied Amer- 
iean forms is that in the former the fore and hind limbs appear to b,e 
more nearly of the same length, indicating a more primitive or general­ 
ized type. Nearly all the American Sauropoda, indeed, show a higher 
degree of specialization than those of Europe, both in this feature and 
in some other respects.

The identity of any of the generic forms of European Sauropoda 
with those of America is at present doubtful. In one or two instances 
it is impossible, from the remains now known, to separate closely allied
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forms from the two countries. Portions of one Wealden animal, refer­ 
red by Mantell to Pelorosaurus, are certainly very similar to some of 
the smaller forms of Morosaurus, especially in the proportions of the 
fore limbs, which are unusually short. This fact would distinguish 
them at once from Pelorosaurus, and until the skull and more of the 
skeletou are known they can not be separated from Morosaurus..

The ouly Sauropoda reported from other parts of the world are some 
fragmentary remains from India, referred by Lydekker to the genus 
Titaiiosaurus, and more recently other remains from Madagascar, which 
the same author has placed m the genus Bothriospondylus. The wide 
distribution of the forms already known indicates that many future dis­ 
coveries may be expected

PREDENTATA

The third order of the Dinosauria, according to the system of classi­ 
fication here adopted, is the one named by the writer the Predentata, 
a name derived from the fact that all the members of the group have a 
predentary bone, which is wanting 111 all other dmosauis, and m fact 
in all other vertebrates, living and extinct. This order includes three 
suboiders. the Stegosauna. (plated lizards), the Ceratopsia (horned liz­ 
ards), and the Ormthopoda (bird-footed). These are all herbivorous 
forms, and most ot them contain species of very large size. The Steg- 
osauna were mainly confined to the Juiassic, the Ceratopsia entirely to 
the Cretaceous, while the Ormthopoda were abundant in each of these 
periods. Of the Jurassic forms the Stegosauria will be first discussed, 
especially the typical family Stegosaunda3, which contains the Ameri­ 
can forms.

STEGrOSA URID^E

The genus Stegosaurus, the type of the family, was described by the 
writer in 1877 from a specimen found in the Atlantosaurus beds of Colo­ 
rado. Subsequently other remains were discovered and described by 
the writer, the more important being from uear Lake Como, Wyo., and 
Canyon, Colo , localities which have furnished so inauy type specimens 
of the Sanropoda and other dinosaurs.

STEGOSAURUS.

THE SKULL.

The skull of Stegosanrus is long and slender, the facial portion being 
especially produced. Seen from the side, with the lower jaw in posi­ 
tion, it is wedge-shaped, with the point formed by the premaxillary, 
which projects well beyond the inaudible, as shown in fig. 1, PI. XLIil. 
The anterior nares are large and situated far in front. The orbit is 
very large and placed well back. The lower temporal fossa is some­ 
what smaller. All these openings are oval in outline and are on a line
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nearly parallel with the top of the skull. In this view the lower jaw 
covers the teeth entirely. - f

Seen from above,.as shown in fig. 3, PI. XLIII, the wedge-shaped form 
of the skull is still appaient. The, only openings visible are tbe supra- 
temporal fossae. The premaxillary bones are short above, but send back 
a long process below the narial ounce. The nasal bones are very large 
and elongate. They are separated in front by the premaxillanes, and 
behind by anterior projections from the frontal bones. The piefrontals 
are large, and are placed between the nasals and the prominent, rugose 
snpraorbitals. The froutals are short, and externally join the post- 
frontals. The panetals are small and closely coossified with each 
other.

Viewed from in front, the skull and mandible present a nearly quad­ 
rate outline ^1. XLIII, fig. 2), ,md the mutual relations of the lacial 
bones are well shown. In this view is seen, also, the predentary bone, 
a charactenstic featine of tbe mandible m this genus The lateral 
aspect of this bone is shown m fig. L of the same plate.

The teeth in this genus are entiiely confined to the maxillary and 
dentary bones, and are not visible in any of the figures here given. 
They are small, with compressed, fluted ciowns, which arc separated 
from the roots by a moie or less distinct neck. The premaxillary and 
the predentary bones are edentulous. A typical tooth of Stcgosaurus, 
and oue of an allied genus. Priconodon, are represented on PI. XLIV, 
figs. 1 and 2.

The present skull belongs to the type specimen of a very distinct 
specie^, Stegosaurus stenops. The skull and nearly complete skeleton of 
this specimen, with most of the dermal armor in place, were found 
almost 111 the position in which the animal died.

This reptile was much smaller thati those representing the other 
species of this genus. Its remains were found by Mr. M. P. Felch in 
the Atlantosaurns beds of tbe Uppei Jurassic, in southern Colorado. 
In this geological horizon all known American forms of Stegosaurus 
have been discovered.

THE BHAIN

Little has been known hitherto of the brain in dinosaurs, but fortu­ 
nately one specimen of Stegosaurus has the brain case well preserved 
and apparently without distortion. Figs. 3 and 4 of PI. XLIV show 
the form and general characters of this brain cavity. The brain of 
this icptile was much elongated, and its most striking features were 
the large size of the optic lobes and the small cerebral hemispheres. 
The latter had a transverse diameter only slightly in excess of the 
medulla. The cerebellum was quite small. The optic nerve corre­ 
sponded m size with the optic lobes. The olfactory lobes were of large 
size. As a whole, this brain was lacertihau rather than avian. A 
brain cast ot a young alligator i« given on PI. LXXVII for comparison.
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The contrast in the development of the cerebral region is marked, but 
in some other respects the correspondence is noteworthy.

In comparing the proportion ate size of the brain of this living reptile 
with that of Stegosaurus, as given on the same plate, the result proves 
of special interest. The absolute si/e of the two brain casts is approxi­ 
mately as 1 to 10, while the bulk of the entire bodies, estimated from 
corresponding portions of each skeleton, was as 1 to 1,000. It follows 
that the brain of Stegosaurus was only -^ that of the alligator, if the 
weight of the entire animal is brought into the comparison. If the 
cerebral regions only of the two brains were compared the contrast 
would be still more striking. This comparison gives, of course, only 
approximate results, and some allowance should be made for the pro­ 
portionally larger brain in small animals.

The brain of Stef/osaurus unyulatus is clearly of a lower type than 
that of Morosauius, which, a» the writer has shown, was several times 
smaller in diameter than the neural canal in its own sacrum. In the 
latter genus the brain was proportionally shorter, and the cerebral 
region better developed, as shown in the plate cited. The absolute size 
of this brain as compared with that ot Stegosaurus is about 16 to 10, 
the brain of the alligator figured being regarded as 1. Taking again 
the body of the alligator as the unit, and Stegosaurus as 1,000, that of 
Morosaurns would be about 1.500. Stegosaurus had thus one of the 
smallest biains of any known land vertebrate. These facts agree fully 
with the general law of bram growth, m extinct mammals and birds as 
made out by the writer. 1

THE ANTERIOR VERTKBR2E.

The vertebne of Stegosaurus preserved all have the articular faces 
of their centra concave, although in some the depression is slight. 
They are all, moreover, without pneumatic or medullary cavities. On 
PI. XLV a selection from the vertebral series of one skeleton is given, 
which shows the principal forms. Figs. 1 and 2 represent a median 
cervical. The other neck vertebra have their centra of similar length, 
but the diameter increases from the axis to the last of the series. Some 
of the anterior cervicals have a, small tubercle in the center of each end 
of the centra, a feature seen also in some of the caudals. All the cer- 
vicals supported short ribs.

The dorsal vertebrae have their centra rather longer and more or less 
compressed. The neural arch is especially elevated. The neural canal 
is much higher than wide. The head of the rib fits into a pit on the 
side of the neural arch. Figs. 3 and 4 of PI. XLV represent a poste­ 
rior dorsal with characteristic features. The ribs are missive, and are 
strengthened by their form, which is T-shaped in transveise section.

'Odontoinithes, a monograph on the extinct toothed hirds of North America TT S Geol Expl 
Fortieth Par , Vol VII, pp 8, 121, 1880 Dinocerata, a monograph of an extinct order of gigantic 
mammals Mon U b Geol Survey, Yol X, Author's Edition, pp 57-59, 1884
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THE SACRUM

The true sacrum of Stegosaurus is composed of four well-coossified 
vertebra;. In fully adult animals the pelvic arch may be strengthened 
by the addition of one or more lumbar vertebra?, as in the specimen 
figured in PI. XLVI, fig. 5, where two are firmly consolidated with the 
sacrum. The centra of the sacral vertebrae are solid, like the others in 
the column. Their neural arches are especially massive, and the spines 
have high and expanded summits. The transverse piocesses of the 
sacral vertebra are stout vertical plates, which curve downward below 
and unite to meet the ilia. Each vertebra supports its own process, 
although there is a tendency to overlap in front. There is a gradual 
increase in size from the first to the last sacral vertebra, and the fiist 
caudal is larger than the last sacral. The neural cavity of the sacrum 
is described below.

THE CAUDAL VERTfcBR^E

The caudal vertebrae present the greatest diversity, both in size and 
form. The anterior caudals are the largest in the whole vertebral 
series, and are highly modified to support a portion of the massive der­ 
mal armor. The articular faces of their centra are nearly plane and 
very rugose. The neural spine has an enormous development, and its 
summit is expanded into a bifurcate rugose head. These caudals are 
very short, and their neural spines nearly or quite m apposition above. 
Their centra have no distinct faces for chevrons. The transverse proc­ 
esses are expanded vertically, and their extremities curve downward. 
Faithei back the same general characters are retained, but the centra 
are more deeply cupped and the spines less massive. Figs. 5, 6, and 7 of 
PI. XLV show anterior caudal vertelme. The chevrons here have their 
articular ends separate and rest upon two vertebrae, as shown on the 
same plate.

In the median caudals, figs. 8 and 9, the spine has greatly diminished 
in height, and the faces for chevrons are placed on prominent tubercles 
on thepostero-inferior surface. The lower margin of the front articular 
face is sharp and the chevrons do not meet it. In the more distal 
caudals the neural spine and zygapophyses are reduced to mere icm- 
nants, but the chevron facets remain distinct. These vertebrae, as well 
as those farther back, have their centra much compressed. The caudal 
vertebras are remarkably uniform in length throughout most of the 
series.

THE SACKAL CAVITY.
 

During an investigation of one skeleton of this genus the writer 
found a very large chamber in the sacrum, formed by an enlargement 
of the spinal canal. This chamber was ovate in form, and strongly 
resembled the brain case lu the skull, although very much larger, 
being at least twenty times the size of the cavity which contained the 
brain. This remarkable feature led to the examination of the sacra of 
several other individuals" of Stegosaurus, and it was found that all had
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a similar large chamber in the same position. The form and propor­ 
tions of this cavity are indicated 111 PL XLVI, figs. 2 and 3, which 
icpresent a cast of the entire neural canal inclosed in the sacrum. 
The large vaulted chamber, it will be observed, is contained mainly in 
the first and second sacral vertebras, although the canal is consider­ 
ably enlarged behind this cavity. The sections repiesented m fig. 4 
are in each ease made where the transverse diameters are greatest.

The remarkable leature about this posterior brain case, if so it may 
be called, is its size in comparison with that of the true brain of the 
animal, which is also indicated in the same plate, and m this respect 
it is entirely without a parallel. A perceptible swelling in the spinal 
cord of various recent animals has indeed been observed in the pectoral 
and pelvic regions, Avhere the nerves are given off for the anterior and 
posterior limbs; and in extinct forms some very noticeable eases are 
recorded, especially m dinosaurs, but nothing that approaches the sacral 
enlargement in Stegosaurus has hitherto been known. The explanation 
may doubtless in part be found in the great development of the pos­ 
terior limbs in this genus; but in some allied forms Camptosaurus, for 
example, where the disproportion between the fore and hind limbs is 
quite as marked the sacral enlargement of the spinal cord is not one- 
fourth as great as in Stegosaurus.

It is an interesting fact that in young individuals of Stegosaurus 
the sacral cavity is proportionately larger than in adults, which corre­ 
sponds to a well-known law of brain growth.

The physiological effect of a posterior nervous center .so many times 
larger than the brain itself is a suggestive subject Avhich need not here 
be discussed It is evident, however, that in an animal so endowed 
the posterior pait was dominant.

THE PELVIS

The iJiuni m Stegosaurus is a very peculiar bone, unlike any hitherto 
known in the reptiles. Its most prominent feature is its great anterior 
extension in front of the acetabulum. Another striking character is 
seen in its superior crest, which curves inward, and firmly unites with 
the neural arches of the sacrum, thus roofing over the cavities between 
the transverse processes. The acetabular portion ot the ilium is large 
and shallow (PI. XLVI, fig. 5). The face for union with the ischium 
is large and rugose, but that foi the pubis is much less distinct. The 
postacetabular part of the ihum is very short, scarcely one-third as 
long as the anterior projection.

The isuhium of Stegomurus ungulatus is snort and robust, and has a 
prominent elevation on-the upper margin of the ^hatt (PL XLVI1I, 
fig. 2). Its larger articular face meets a postacetabula.i process of the 
ilium, and a smaller articulation joint- the pubi.s. The share of the 
ischium is twisted so that it resembles someAvhat the conesponding 
bone of Morosaurns. The pelvis of Steyosaurus stenops is shown m the 
same plate, tig. 3.
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The pubic element of the pelvis of Stegosaurus ungulatus is in general 
form somewhat like that of Camptosaurns. The prepubis consists of 
a strong spatulate process, projecting forward nearly horizontally. Its 
proximal end articulates with the preacetabular process of the ilium. 
The postpubic branch extends backward and downward, nearly to the 
end of the isclnuui. The two bones fit closely together in this region. 
The usual pubic foramen is in this species replaced by a notch, opening 
into the acctabulai cavity. In a smaller species, Stegosaurus affinis, 
the postpubic bone is slender and more rod-like, not flattened as m the 
specimen here figured.

THE FORE LIMBS

On PI. XL VII some of the bones of the scapular arch and anterior 
limbs of Stegosaurus are figured. The scapula and coracoid are of the 
true dinosaurian type. The former has its upper portion rather short 
and moderately expanded. The coracoid was closely united to the 
scapula by cartilage. It is perforated by the usual foramen, which m 
some cases may become a notch.

The hnmerus (fig. 3) is short and massive. It has a distinct head 
and a strong radial crest. The shaft is constricted medially, and is 
without any medullary cavity. The ulna (fig. 4) is also massive, and 
has a very large olecraual process. Its distal end is comparatively 
small. The radius is smaller than the ulna. The fore limb, as a whole, 
was very powerful aud adapted to varied movements. There were 
five well-developed digits in the fore foot, as shown on PI. XLVIII, 
fig.l.

THE HIND LIMB&

The femur of Stegosaurus (PI. XLVII, fig. 1) is by far the largest 
bone 111 the skeleton. It is remarkably long and slender. There is no 
distinct head, and the great trochauter is nearly or quite obsolete. The 
shaft is of nearly uniform width and very straight. There is no evi­ 
dence of a third trochauter. The distal end of the femur is peculiar 
in having very flat condyles, with only a shallow depression between 
them. The external one has only a rudiment of the ridge which passes 
between the heads of the tibia and fibula, and is very characteristic of 
true dinosaurs and birds.

The tibia (fig. 2) is very much shorter than the femur. Its superior 
end is unusually flat, indicating that it met the condyles of the femur 
so as to bring the two bones at times nearly or quite into the same 
line. The shaft of the tibia is constricted medially, leaving a wide 
space between it and the fibula. The distal end of the tibia is blended 
entirely with the convex astragalus, so as to resemble strongly the cor­ 
responding part m birds.

The fibula (fig. 2) is slender, and has its smaller end above. This 
extremity is applied closely to the head of the tibia by a rugose suture, 
so as to unite readily with it. Its upper articular surface is neaily or 
quite on a level with that of the tibia. The distal end of the fibula is
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expanded, and in the specimen figured is firmly coossified with the cal- 
caueum. The two coalesce with the tibia and astragalus, and form a 
smooth convex articulation for the ankle joint. There were only thiee 
functional digits in the hind feet, as shown on PI. XLVIII, fig. 2.

TIIK DERMAL ARMOR

Tlie most remarkable feature about Stegossmrus is the series of ossi­ 
fications which formed its offensive and defensive armor. These cousist 
of numerous spines, some of great size and power, and many bony 
plates of various sixes .and shapes, well fitted for protecting the auinuil 
against assaults. Some of these plates are a meter, or more than 3 feet, 
in diameter.

The spines were of different forms and varied much in size. Pour 
of these are represented on PI. L. All of those preserved are unsyin- 
metrical, and most of them are in pairs. One of the largest is shown 
in fig. 2, which gives the more usual form and proportions. This speci­ 
men is over 2 feet in length.

The osseous dermal covering of the Stegosauria was first described 
by the writer from specimens found associated with several skeletons, 
but not in place, and hence the position of the various paits was a 
matter of considerable doubt. Subsequent discoveries have shown the 
general arrangement of the plates, spines, and ossicles, and it is now 
evident that, while all the group were apparently well protected by 
offensive and defensive armor, the various species, and perhaps the 
sexes, differed more or less in the form, size, and number of portions of 
their dermal covering. This was especially true of the spines, which 
arc quite characteristic in some members oi the group, if not in all.

The skull was evidently covered above with a compaiatively soft 
integument. The throat and neck below were well protected by small, 
rounded and flattened ossicles having a regular arrangement in the 
thick skm. One of these ossicles is shown in PI. XLIX, fig. 1. The 
upper portion of the neck, back of the skull, was protected by plates, 
arranged in pairs on either side. These plates increased in size farther 
back, and thus the trunk was shielded from injury. From the pelvic 
region backward a series of huge plates stood upright along the median 
line, gradually diminishing in size to about the middle of the tail. One 
of these is shown in PI. XLIX, fig. 4. Some of the species, at least, had 
somewhat similar plates below the base of tho tail, and one of these 
bones is represented in fig. 3 of the same plate.

The offensive weapons of this group were a series of huge spines 
arranged in pairs along the top of the distal portion of the tail, which 
was elongate and flexible, thus giving effective service to the spines, 
as in the genus Myliobatis.

In Stegosaurus imgulatus there were four pairs of these spines, 
diminishing in size backward. Two of the larger of these are s.hown 
on PI. L, figs. 2 and 3. In some other forms there were three pairs, 
and in S. stinops but two pairs have been found.
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In one large species, Stegosaurus sulcatus, there is at present evidence 
of only one pair of spines. These are the most massive of any yet 
found, and have two deep grooves on the inner face, which distinguish 
them at once from all others known. One of these grooved spines is 
represented on PI. L, figs. 4, 5, and G.

The position of these caudal spines with reference to the tail is indi­ 
cated in the specimen figured on PI. LI, which shows the vertebrae, 
spines, and plate as found.

DIRACODON.

The American genera of the Stegosauria are Stegosaurus aud Dirac- 
odon. Of the former there are several well-marked species besides 
8 armatus, the type. Of the latter genus bnt one is known at present, 
Diracoflon laticeps, the remains of which have hitherto been found at a. 
single locality only, where several individuals referred to this species- 
have been discovered. Aside from the form, of the skull, these speci­ 
mens have in the fore foot; the intermedian and uluar bones separate, 
while in Stegosaurus these earpals are firmly coossified.

All the American Stegosauridas have the second row of earpals 
unossified and live digits 111 the raanus. In the hmd foot the astrag­ 
alus is always coossified with the tibia, even 111 very young specimens, 
while the calcaueum is sometimes free. The second row of tarsals is. 
not ossified in any of the known specimens. Only four digits m the 
hind foot are known with certainty, and one of these is quite small. 
All forms have at least three well-developed metatarsals, which are 
short and massive, but longer and much larger than the metacarpals.

In one large speeimeu, of which the posterior half of the skeleton was 
secured, no trace of dermal armor of any kind was found. If present 
during life, as indicated by the massive spines of the vertebra?, it is 
difficult to account for its absence when the remains were found, unless, 
indeed, the dermal covering had been removed after the death of the 
animal aud previous to the entombment of the skeleton where found. 
In this animal the ilia were firmly coossified with the sacrum, thus form­ 
ing a strong bony roof over the pelvic region, as m birds.

This specimen represents a distinct species, Stegosaurus duplex. It 
was originally referred by the writer to 8. ungulatus. In the sacrum 
of this species each vertebra supports its own transverse process, or 
rib, as in the Sauropoda, while in S. ungulatus the sacral ribs have 
shifted somewhat forward, so that they touch, also, the vertebra in 
front, thus showing an approach to some of the Ormthopoda.

CHARACTERS OF STEGOSAURIA.

The large number of specimens of the Stegosauria now known from
the Ameiican Jurassic, and the fine preservation of someot the remams,
aid 111 forming a more accurate estimate of the relations of the group
to the other dinosaurs than has hitherto been possible. The presence
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of a predeiitary bone, and the well developed postpubis, are important 
characters that point to the Ornithopoda as near allies, with a common, 
ancestry. These positive characters are supplemented by some points 
in the structure of the skull aud the form of the teeth.

There are, however, a large number of characters in which the Stego- 
sauriadiffer from the Ormthopoda, and among these are the following:

(1) All the bones of the skeleton are solid.
(2) The vertebra are all biconcave.
(3) All the knowu forms have a strong dermal armor.
(4) The second row of carpals and tarsals are imossified.
(5) The astragalus is coob&ified with the tibia
(0) The spinal cord was greatly enlarged in the sacral region.

RESTORATION OP STEGOSATJRUS. 

PLATE LII

lu this restoration the animal is represented as walking, and the 
position is adapted to that motion. The head and neck, the massive 
fore limbs, and, in fact, the whole skeleton, indicate slow locomotion 
 on. all four feet. The longei hind limbs and the powerful tail show, 
howevei, that the animal could thus support itself, as on a tripod, aud 
this position could perhaps have been easily assumed 111 consequence of 
the massive hind quarters.

lu the restoration as here presented the dermal armor is the most 
striking feature, but the skeleton is almost as remarkable, and its high 
specialization was evidently acquired gradually as the armor itself 
was developed. Without the latter many points in the skeleton would 
be inexplicable, and there aie still a number that need explanation.

The small, elongated head was covered in front by a horny beak. 
The teeth are confined to the maxillary and dentary bones, and are not 
visible in the figure here given. They are quite small, with compressed, 
fluted crowns, and indicate that the lood of this animal was soft, suc­ 
culent vegetation. The vertebrae are solid, and the articular faces of 
the centra 'are biconcave or nearly flat. The ribs of the trunk are 
massive and placed high above the centra, only the tubercle being 
supported on the elevated diapophysis. The neural spines, especially 
those of the sacrum and anterior caudals, have their summits expanded 
to aid in supporting the massive dermal armor above them. The limb 
bones are solid, and this is tine of every other part of the skeleton. 
The feet were short and massive, and the terminal phalanges of the 
functional toes were covered by strong hoofs. There were live well- 
developed digits in the fore foot, and only three in the hind foot, the 
first toe being rudimentary and the fifth entirely wanting.

lu life the animal was protected by a powerful dermal armor, which 
served both for defense and offense. The throat was covered by a thick 
skin, in which were embedded a large number of rounded ossicles, as 
shown in the plate. The gular portion represented was found beneath
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the skull, so that its position m life may be regarded as definitely set­ 
tled. The series of vertical plates which extended above the neck, 
along the back, and over two thirds of the tail, is a most remarkable 
feature, which could not have been anticipated and would hardly have 
been credited had not the plates themselves been found m position. 
The four pairs of massive spines characteristic ot the present species, 
which were situated a.bove the lower third of the tail, are apparently 
the only part of this peculiar armor used for ott'ense. In addition to 
the portions of armor above mentioned there was a pair of small plates 
just behind the skull, which served to protect this part of the neck. 
There were also, in the present species, four flat spines, which were 
probably in place below the tail, but as their position is somewhat m 
doubt they are not represented iii the present restoration

All these plates and spines, massive and powerful as they now are, 
were in life protected by a thick, horny covering, which must have 
greatly increased their size and weight. This covering is clearly indi­ 
cated by the vascular grooves and impressions which mark the surface 
of both plates and spines, except their bases, which were evidently 
implanted in the thick skin.

The peculiar group of extinct reptiles named by the writer the Steg- 
osauria, of which a typical example is represented in the present resto­ 
ration, is now nearly as well known as any other dinosaurs. They are 
evidently a highly specialized suborder of the Fredentata, which have 
the Ornithopoda as their most characteristic members, and all doubt­ 
less had a common ancestry.

Another highly specialized branch of the same great order is seen 
in the gigantic Oeratopsia of the Cretaceous, which the writer has 
recently investigated and made known. The skeleton of the latter 
group presents many interesting points of resemblance to that of 
the Stegosauria, which can hardly be the result of adaptation alone, 
but the wide diflerence 111 the skull and in some parts of the skeleton 
indicates that their affinities are remote. A comparison of the present 
restoration with that of Triceratops on PI. LXXI will make the con­ 
trast between the two forms clearly evident.

DISTRIBUTION OF STEGOSAURIA.

All the typical members of the Stegosauria are from the Jurassic 
formation, and the type specimen used in the present restoration was 
found in Wyoming, in the Atlantosaurus beds of the upper Jurassic. 
Diracodon, a genus nearly allied to Stegosaurus, occurs in the same 
horizon. Paloeoscmcus Leidy, 1856, from the Cretaceous, and Pricono- 
don of the writer, 1888, from the Potomac formation, are perhaps allied 
forms of the Stegosauna, but until additional remains are found their 
exact affinities can not be determined. Apparently the oldest known 
member of this gioup in America is the Dystrophreus Cope, 1877,from, 
the Triassic of Utah.
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One of the best-preserved specimens of the Stegosauria in Europe 
was described by Owen, in 1875, as Omosaurus armatus, and the type 
specimen is in the British Mnseuru. It is from the Kimnieridge clay 
(Upper Jurassic) of Swmdon, England The skull is wanting, but the 
more important parts of the skeleton are preserved. Various portions 
of the skeleton of several other individuals have also been found in 
England, but the skull and teeth still remain nuknowu.

Another genus of the Stegosauria, representing a distinct family, is 
Scelidosaurus, established by Owen in 1859, from the Lias of England. 
The greater part of the skeleton is known. A restoration in outline, 
made by the writer for comparison with that of Stegosaurus, is shown 
on PI. LXXXIII. The Euskelesaurus of Huxley, 1867, from the Trias 
of South Africa, is apparently a member of this group.

CAMPTOSA URIDM.

Another important family of Jurassic Dinosaurs is the Camptosau- 
rid;c, so named from the type genus Camptosaurus, described by the 
vvnter in 1879, the type specimen being from the Atlantosaurus beds 
of Wyoming. This genus includes several species of herbivorous 
dinosaurs, which belong to the true Oriiithopoda, or bird-footed forms. 
The species were all bipedal, with the fore limbs much smaller than 
those behind, and all the limb bones light and hollow. The head was 
comparatively small, the neck of moderate length and quite flexible, 
aud in life the animals were evidently agile and graceful in movement. 
Some of the smaller species were quite bird-like in form and structure. 
The three American genera, Camptosaurus, Dryosaurus, and Laosau- 
rus, are all from the same general horizon.

CAMPTOSAUETJS.

The large dinosaur described by the writer as Camptosaurus dispar, 
of which a restoration is given oil PI. LVI, is now so well known that 
it may be taken as a form typical of the group. It is exceeded in size 
by Camptosaurus amplus Marsh, but there are at least two smaller 
species of the genus (C. medius and C. nanus). So far as at present 
known these species are found in successive deposits of the same gen­ 
eral horizon, the smallest below and the largest above.

Camptosaurus amplus is represented by remains which show that this 
reptile when alive was about 30 feet in length. The type specimen 
of C. dispar was about 20 feet m length and 10 feet in height. 
C. medius was about 15 feet long. The smallest species of the 
genus, C. nanus, was not more than 10 feet in length, and perhaps 
6 feet in height when standing at rest. One of the striking features 
of this diminutive species is its long sigmoid scapula, shown in fig. 2, 
PI. LV. This is in strong contrast with the short, straight scapula 
of C. dispar, seen on PI. LIV, fig. 1. The limb bones of all the species 
of this genus are very hollow.
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The skull, brain, and teeth of C. medius are shown on PI. LIII. 
The peculiar peg-aud-notch articulation in the sacral vertebrae of this 
genus, already described elsewhere, is indicated on PI. LIV, figs. 3 and 
4, and a summary of the principal characters of the genus, and of the 
nearest allied genera, will be found on p. 201.

KESTOKATION OF CAMPTOSATTKTJS.

PLATE LVI  

The restoration here given is based upon the type specimen of Camp­ 
tosaurus (lispcM , one of the most characteristic forms of the great group 
Oruithopoda, or bird-footed dinosaurs. The reptile is represented on 
PI. LVI, one-thirtieth natural size. The position chosen was deter­ 
mined after a careful study not only of the type specimen, but of sev­ 
eral others in excellent preservation, belonging to the same species or 
to others nearly allied. It is therefore believed to be a position fre­ 
quently assumed by the animal during life, and thus, in some measure, 
characteristic of the genus Camptosaurus. The type specimen of the 
present species, when alive, was about 20 feet in length, and 10 feet 
high in the position here represented.

The genus Camptosaurus is a near ally of Iguauodou of Europe, and 
may be considered its American representative. Camptosaurus, how­ 
ever, is a more generalized type, as might be expected from its lower 
geological horizon. It resembles more nearly some of the Jurassic forms. 
in England generally referred to Iguanodon, but as these are known 
only from fragmentary specimens their generic relations with Campto­ 
saurus can not now be determined with certainty.

In comparing Camptosaurus, as here restored, with a very perfect 
skeleton of Iguanodon from Belgium, as described and figured, various 
points of difference as well as of resemblance may be noticed. The skull 
of Camptosaurus had a sharp, pointed beak, evidently encased during 
life in a horny sheath. This was met below by a similar covering, which 
inclosed the predeutary bone. The entire front of the upper and lower 
jaws was thus edentulous, as in Iguanodon, but of different shape. The 
teeth of the two genera are of similar form, and were implanted in like 
manner in the maxillary and deutary bones. In Camptoisaurus there 
is over each orbit a single snpraorbital bone, curving outward and 
backward, with a free extremity, as in the existing monitor, a feature 
not before observed in any other dinosaur except Laosaurus, an allied 
genus, also from the Jurassic of America. Other portions of the skull 
of Camptosaurus, as well as the hyoid bones, appear to agree in general 
with those ot Iguanodon.

The vertebras of Camptosaurus are similar in many respects to those 
of Iguanodou, but differ in some important features In the posterior 
dorsal region the transverse processes support both the head and tuber­ 
cle of the rib, the head resting on a step, as in existing crocodiles. 
The five sacral vertebral, moreover, are not coossified even in adult
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forms, and to tins character the name Camptonotus, first given to the 
genus by the writer m 1879, especially refers. Another notable feature 
of the sacral vertebra; of the type specimen should be mentioned. The 
vertebrae of the sacrum, especially the posterior four, are joined to each 
other by a peculiar peg and-notch articulation. The floor of the neural 
canal of each vertebra is extended forward into a pointed process 
(somewhat like an odontoid process), which tits into a corresponding 
cavity of the centrum in front. This arrangement, while permitting 
some motion between the individual vertebrie, helps to hold them in 
place, thus compensating m a measure lor absence of anchylosis. A 
similar method of articulation is seen in the dermal scales of some 
ganoid fishes, but so far as the writer is aware nothing of the kind has 
been observed before in the union of vertebrae.

Ill Camptosaurus the sternum was entirely unossified, and no trace 
of clavicles has been found. The pelvis of Camptosaurus differs 
especially from that of Iguanodon in the pubis, the postpubic branch 
being even longer than the ischiuni, while in Iguanodon this element is 
much shortened.

In the fore foot of Camptosaurus there were five functional digits, 
the first being flexible and nearly parallel with the second, thus differ­ 
ing from the divergent, stiff thumb of Iguanodon. The hind feet had 
each three functional digits only, the first being rudimentary and the 
fifth entirely wanting, as shown m PI. LVI. The entire skeleton of 
Camptosaurus was proportionately more slender and delicately formed 
than that of Iguanodon, although the habits and mode of life of these 
two herbivorous dinosaurs were doubtless very similar.

The type specimen of Gamptosaurus dispar, used as the basis of the 
present restoration, is from the Atlantosaurus beds of the Upper 
Jurassic of Wyoming. This species and other allied forms will be 
described in full in an illustrated memoir now in pieparation by the 
writer for the United States Geological Survey. The present restora­ 
tion is i educed from a large drawing made for that volume.

LAOSATJRIDM. 

DEYOSAUEUS.

Another genus of Jurassic dinosaurs, allied to Camptosaurus, but 
differing from it m many important respects, is Dryosaurus. The type 
was described by the writer in 1878 under the name Laosaurus alfus, 
and a tooth, the pelvis, aiid a hind leg' were also figured. Additional 
material since received shows that this genus is quite distinct from 
Laosaurus, to which it was at first referred, and is intermediate 
between Camptosaurus and that genus, as is shown m a summary of 
the characters of these genera girni later 111 the present article.

The only species of Dryosaurus at present known is the type first 
described, and this form is now called Dryosaurus nltus (PI. LV, 
fig. 4). Several specimens of this dinosaur are preserved in the Yale
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museum, and they show it to have been in life about 10 or 12 feet 
long, and one of the most slender and graceful members of the group. 
The know n remains are all from the Atlantosaurus beds of Colorado 
and Wyoming.

LAOSAURTJS.

The present genus includes several species of diminutive dinosaurs, 
all much smaller than those above described, and possessing many fea 
tnres now seen only in existing birds, especially in those of the ostrich 
family. The two species of the genus first described by the writer 
(Laosaurus celer, the type, and Laosuurm gracihs) show these avian 
features best of all, and it would be difficult to tell many of the isolated 
remains from those of birds. A larger species, which has been called 
Laosaurus consors, is known by several skeletons nearly complete. 
The type specimen, here figured in part on PI. LV, figs. 1 and 3, is the 
most perfect of all, and this was collected by the writer in 1879. The 
animal when alive was about 8 or 10 feet in length. The known remains 
are from the Atlantosaurus beds of Wyoming.

One of the distinctive features of this genus, which separates it at 
once from those above described, is the pnbis. The prepubis, or ante­ 
rior branch of this bone, which was very large and broad in Campto- 
saurus, still long and spatulate in Dryosaurns, is here reduced to a 
pointed process not much larger than m some birds. These differences 
are shown in PI. LIV and in PI. LV, figs. 3 and 4.

The European representative of Laosaurus is Hypsilophodon Huxley, 
from the Wealden of England. That genus, however, differs from the 
nearest allied forms of this country in several well-marked characters. 
Among these the presence of teeth m the preinaxillary bones and a 
well-ossified sternum are features not seen in American Jurassic forms. 
The fifth digit of the manus, moreover, in Hypsilophodou is almost at 
right angles to the others, and not nearly parallel with them, as m 
Dryosaurus. It agrees with the latter genus in having the tibia longer 
than the femur. An outline restoration of Hypsilophodon, made by 
the writer for comparison with allied American forms, is given on PI.- 
LXXXIV

NANOSAURUS.

The smallest known dinosaur, representing the type species of the 
present genus,- was described by the writer in 1877, under Jie name 
Nanosaurus agllis. The type specimen consists of the greater portion 
of the, skull and skeleton of one individual, with the bones more or less 
displaced and all entombed in a slab of very hard quartzite. The whole 
skeleton was probably thus preserved m place, but before its discovery 
a part of the slab had been split off and lost. The remaining portion 
shows on the split surface many important parts of the skeleton, and 
these have been further exposed by cutting away the matrix, so that
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the main characters of the animal can be determined with considerable 
certainty.

A study of these remains shows that the reptile they represent was 
one of the typical Oruithopoda, and one of the most bird-like yet dis­ 
covered. A dentary bone in fair preservation (fig. 42) indicates that 
the animal was herbivorous, and the single row of pointed and com­ 
pressed teeth, thirteen in number and small in size, forms a more regu­ 
lar and uniform series than in any other member of the group. The 
ilium, also, shown in fig. 43, is characteristic of the Ornithopoda, having 
a slender, pointed process in front, but cue much shorter than in any of

42

46 47

o. 42. Dentary bone of Nanosaurus agilis MarsL; seen from the left. 
FIG. 43. Ilium of same individual; left side. 
Both figures are natural size.
FIG. 44. Left femur of Nanosaurus rex Marsh; front view. 
FIG. 45. Proximal eud of same. 
FIG. 46. The same bone; side view. 
FIG. 47. The same; back view. 
FIG. 48. Distal end of same. 
All five figures are one-half natural size.

the larger forms. The posterior eud is also of moderate size. All the   
"bones of the limbs and feet are extremely hollow, strongly resembling 
in this respect those of birds. The femur was shorter than the tibia. 
The metatarsals are greatly elongated and very slender, and there were 
probably but three functional toes in the hind foot.

A second form referred by the writer to this genus, under the name 
Nanosat rus rex, may perhaps belong to the genus Laosaurus. The 
femur is shown in figs. 44 to 48, above. The animal thus represented
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"was considerably larger than the present type species and from a some­ 
what higher horizon in the Atlantosaurus beds.

The type specimen here described, which pertained to au animal 
about half as large as a domestic fowl, was found in Colorado. This 
reptile was a contemporary of the carnivorous Hallopus, likewise one of 
the most diminutive of dinosaurs, and one of the most remarkable.

DETERMINATION OF GENERA

The various dinosaurs thus briefly referred to under their respective 
genera have many other points of interest that can not be here dis­ 
cussed, but their resemblance to birds is worthy of some notice. This 
is apparent in all of them, but in the diminutive forms the similarity 
becomes more striking. In all the latter the tibia is longer than the 
femur, a strong avian character, and one seen in dinosaurs only in the 
small bird-like forms. 1 In Nanosaurus nearly all, if not all, the bones 
preserved might have pertained to a bird, and the teeth are no evidence 
against this idea. In the absence of feathers an anatomist could hardly 
state positively whether this was a bird-like reptile or a reptilian bird.

The mam characters of the four genera above discussed are as follows:

CAMPTOSATJRTJS.

Premaxillaries edentulous, with horny beak. Teeth large, irregular, 
and few in number. A supraorbital fossa. Cervical vertebrae long and 
opisthoccelous. Lumbars present. Five vertebrae in sacrum, with 
peg-and-notch articulation. Sternum unossified. Limb bones hollow. 
Fore limbs small. Five functional digits in manus. Prepubis long 
and broad; postpubis elongated. Femur longer than tibia. Metatar- 
sals short. Three functional digits in pes, the first rudimentary and 
the fifth wanting.

DRYOSATJRUS.

Premaxillaries edentulous, with horny beak. Teeth of moderate size. 
A supraorbital fossa. Cervicals long and biconcave. JSo lumbars. 
Six coossified vertebrae in sacrum, without peg-and-notch articulation. 
Sternum unossified. Limb bones hollow. Fore limbs very small. Five 
digits in manus. Prepnbis long and narrow; postpubis elongate and 
slender. Posterior limbs very long. Femur shorter than tibia. Meta- 
tarsals long and hollow. First digit in pes complete ; fifth metatarsal 
represented by short splint only.

I.AOSATJKUS.

Premaxillaries edentulous. Teeth small and irregular. Oervjcals 
short and fiat. Six coossified vertebrae in sacrum; no peg-and-notch 
articulation. Sternum uuossified. Fore limbs small. Limb and foot 
bones hollow. Prepubis very short and pointed; postpubis slender. 
Femur shorter than tibia. Metatarsals elongate. First digit in pes 
functional; fifth rudimentary.

^liesides the genera here mentioned, Ccelurus, Compsognathus aud Hallopus .ilso possess tins 
chartu ter
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NANOSAUBTJS.

Teeth compressed aud pointed, aud lu a single uniform row. Cervi­ 
cal and dorsal vertebrae short and biconcave. Sacral vertebrse three (?)., 
Anterior caudals short. Ilium with very short, pointed front and uar- 
row posterior end. Fore limbs of moderate size. Limb bones and 
others very hollow. Femur curved and shorter than tibia. Fibula 
pointed below. Metatarsals very long and slender.

The genera thus denned contain all the known forms of the typical 
Ornithopoda from the American Jurassic. They are, moreovei, the 
earliest representatives of this group known in this country from osse­ 
ous remains, as such fossils have not yet been found in the Triassic, 
where the oldest dinosaurs occur. Some of the bird-like footprints in 
the Connecticut Eiver sandstone may indeed have been made by dino­ 
saurs of this group, but there is no positive evidence on this point. 
Tbe American Cretaceous forms of the typical Ornithopoda, so far as 
at present known, are all of large size aud highly specialized, and this 
appears to be true also of the Old World species.

RESTORATION OF LAOSAURUS. 

PLATE LVII.

The present restoration in outline of X/aosaurus consors, one-tenth 
natural size, will serve to show the form and proportions of one of the 
most bird-like of the smaller Jurassic Ornithopoda and its contrast 
with the more massive Camptosaurus from the same horizon. A com­ 
parison of this restoration with that of Hypsilophodon from the English 
Wealden (PL LXXXTV) is especially instructive, as the two animals 
were near allies, although from different geological horizons.

The position here chosen for bhe restoration of Laosaurus is one 
which would seem to have been natural to the animal when standing 
at rest. This would mean a height of about 4 feet, with 8 feet in 
length. That the animal was bipedal in its usual locomotion on land is 
assumed in this case from the general structure, especially the very 
small and weak fore limbs) and the large size and strong articula­ 
tions of the posterior limbs. When walking upright, as here repre­ 
sented, it seems probable that the animal would touch the ground with 
its tail; but this is by no means certain. That reptiles of similar 
structure aud proportions could walk on their hind feet without leav­ 
ing a mark of the tail is clearly indicated by many long series of bipedal 
footprints left in the sandstone of the Connecticut Valley, some of 
which have already been described and figured in this paper. In the 
present species the tail was powerful and more or less compressed, 
thus suggesting its use in swimming.
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PAKT III. 

CRETACEOUS DINOSAURS.

During Cretaceous time m l^orth America the dinosaurs were still 
abundant, and most of them were much more specialized than those 
that lived in the preceding periods. Some of the Cretaceous forms 
were the strangest of the whole group, of gigantic size and bizarre 
appearance. Others were diminutive in size and so bird-like in form 
and structure that their remains can be distinguished with difficulty, 
if at all, from those of birds.

Of the carnivoious dinosaurs known from Cretaceous deposits the 
family JJryptosauridai is especially conspicuous, on account of the large 
size and ferocious nature of all its representatives. In the later Creta­ 
ceous a second family, the Ornithomimidte, was also abundant, and 
among its members were some of the most minute and bird-like of 
dinosaurs hitherto discovered. Of the herbivorous forms the huge, 
horned Ceratopsidfe, the most remarkable of all dinosaurs, were for a 
limited period the dominant reptiles in western JSforth America. Liv­ 
ing at the same time with these were the Claosauridae, large bipedal 
dinosaurs, of sluggish disposition, that dwelt along the, shores of the 
lakes and rivers of that time. Besides these were still others related 
to the Jurassic Stegosaurus, among them the H"odosauridje, quadrupedal 
forms with heavy dermal armor. All these became extinct at the close 
of the Cretaceous, and no remains of dinosaurs have been found in 
place in any later deposits.

THEROPODA

VKTPTOSA VEID^E.

This family is well repiesented throughout the Cretaceous in North 
America, but up to the present time only fragmentary remains have 
been found, so that little is known about the skull, pelvis, and feet, the 
most characteristic portions of the skeleton. So far as now determined 
they appear to be nearly allied to Megalosaurus of Europe and include 
Allosaurus from the Jurassic of this country.

Kemains of the genus Dryptosaurus (Lielaps) have been found at 
various localities on the Atlantic Coast, especially in the marl region of 
H"ew Jersey. Many of these fossils have been described by Prof. Cope. 1

ORNITHOHIMIDJl

This family can be separated sharply from all other dinosaurs by the 
hind feet, which contain three functional metatarsals, the middle one, or 
third, of which has its proximal end much diminished in size andcrowded 
backward behind the second and fourth, as in many existing birds.

1 Extinct Batiacliia, Keptilia, anil Aves of Sortli America, p 100,1870
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Another important character, seen also in the genus Ceratosaurus of 
the Jurassic, is found in the pelvis, the bones of which are firmly coossi- 
fied with each other and with the sacrum.

OBNITIIOM1MTJS.

The most marked characters of the genus Ormthomimus already 
determined are manifest in the limbs and leet, and these have been 
selected for description m the present article. A typical example is 
shown on PI. LYIII, figs. 1-4, which is the type specimen, the species 
being Ormthomimus velox Marsh.

On the distal part of the tibia represented m fig. 1 the astragalus is 
seen in place, with a very large ascending process, larger than in any 
dinosaur hitherto known. The calcaneum is also sli'owu in position, 
but the slender fibula is absent. This bone was complete, but of little 
functional value. The tibia and all the larger limb bones were hollow, 
with thin walls, as indicated in the section, fig. 1, c.

In fig. 5 the corresponding parts of a young ostrich are shown for 
comparison. The slender, incomplete fibula is in place beside the tibia. 
The astragalus with its ascending process, and the distinct calcaneum, 
are also shown in position. The almost exact correspondence of these 
different parts in the bird and reptile will be manifest to every anato- , 
mist.

THE MKTATAKhALS

The most striking feature of the foot belonging with the reptilian 
tibia is shown in the uietatarsals represented in fig. 2, A, These are 
three in number, and are in the same position as in life. They are the 
three functional metatarsals of the typical Ornithopoda and of birds. 
The distal ends of these bones correspond m size and relative position 
in the two groups, but here, 111 the piesent specimen, the reptilian 
features cease, and those of typical birds replace them. In all the 
reptiles known hitherto, and especially in dinosaurs, the second, third, 
and fourth metatarsals are prominent m front, at their proximal ends, 
and the third is usually the laigest and strongest. In birds the place 
of the third is taken above by the second and fourth, the third being 
crowded backward and very much diminished in size.

This character is well shown in fig. G, which represents the second, 
third, and fourth metatarsals of a young turkey, with the tarsal bones 
absent. In the reptilian metatarsals seen in lig. 2 the same arrange­ 
ment ia shown, with the tarsals in place. The second and fourth 
metatarsals have increased much in size in the upper portion, and 
meet each other in front.

The third metatar&al, usually the largest and the most robust 
throughout, here diminishes in size upward, and takes a subordinate^ 
posterior position, as in birds. The correspondence between the 
metatarsals of the bird and reptile are here as strongly marked as in 
the tibnu and their accompanying elements, above described.
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In flg. 3 of the plate the three phalanges represented belong with 
the second metatarsal, and were found together in place.

The three metacarpals represented in flg. 4 were found together in 
position, near the remains of the hind limb here described. Their very 
small size is remarkable, and they may possibly belong to a smaller 
individual, but with this exception there is no reason why they do not 
pertain to the same specimen as the hind foot. The remains of this 
species were found by George L. Cannon, jr., in the Ceratops beds of 
Colorado.

THE PELVIC ARCH.

A larger species from the same horizon, Omiihomimus sedens, more 
recently described by the writer, is based upon the nearly comolete

50 51

FUG. 49. Terminal phalanx, mamis of Ornithomimiis sevens Marsh; side view.
FIG. 50. The same phalanx; front view.
FlIO. 51. The same; back view.
FIG. 52. Proximal end of same.
AH the figures are one-half natural size.

pelvis, with various vertebrae, and some other parts of the skeleton. 
The most striking feature of the pelvis is the fact that the ilium, 
ischium, and pubis are flrmly coossifled with one another, as in recent 
birds. This character lias been observed hitherto among dinosaurs 
only in the genus Ceratosaurus, described by the writer from the Juras­ 
sic of Wyoming. The present pelvis resembles that of Ceratosaurus 
in its general features, but there is no foramen in the pubis.

There are five vertebrae in the sacrum, flrmly coossified with one 
another, as are also the sacral spines. The sacral vertebras are grooved 
below, with the sides of the centra excavated. The caudals have the 
diplosphenal articulation, and the first caudal bears a chevron. All 
the bones preserved are very delicate, and some of them, at least, are



206 DINOSAURS OP NOJRTH AMERICA.

apparently pneumatic. The sacrum measures 1/5 inches in length, and 
the twelve caudals following occupy a space of 31 inches. The known 
remains indicate a reptile about 8 or 10 feet in length. A terminal 
phalanx of the fore foot is represented on page 205.

In the same horizon occur the remains of a very minute species, 
which agrees in all its characters, so far as detei mined, with the mem­ 
bers of this genus. The most characteristic portions secured are the 
metatarsal bones, and these show the same features exhibited m the 
type species of the genus, 0 velox. They are, however, so much 
smaller as to suggest that they may pertain to a bird. Various por­ 
tions of the second, third, and fourth rnetatarsals are known, and the 
distinctive feature is seen in the third, which has the upper part of the 
shaft so attenuated that it may not reach to the taisus. The second 
and fourth metatarsals are very long and slender. This unique animal 
was about the sue of the common fowl. The species has been called 
Ot mthomimus minutns.

The large species described by the writer as Ornithomiwus grandis 
belongs in essentially the same horizon. Portions of two other skele­ 
tons have since beeirobtamed, which apparently pertain to this species. 
In one of these the femur, tibia, and fibula, aie in good preservation, 
and they clearly demonstrate that this reptile was one of the largest of 
the Theropoda The femur and tibia have each a very large cavity in 
the shaft, with well-defined wall*. Even the fibula has a cavity m its 
upper portion. In the othei specimen the second metatarsal is in fair 
preservation and shows the same form as in the type of the genus.

There is much probability that this gigantic carnivore was one of 
the most destructive enemies of the herbivorous Ceratopsidie, next to 
be described.

PREDENTATA 

CEHATOPSJDM

The huge horned dinosaurs, from the Cretaceous, recently described 
by the writer, 1 have now been investigated very carefully, and much 
additional light h;is been thrown upon their structure and affinities. 
A Inrge amount of new material has been secured, including several 
skulls, nearly complete, as well as various portions of the skeleton.

CEKATOPS BEDS.

The geological deposits, also, in which then- remains are found have 
beeu carefully explored during the last few years, and the known locali­ 
ties of importance examined by the writer, to ascertain what other 
fossils occur in them and what were the special conditions which pre­ 
served so many relics of this unique fauna. The definite horizon in 
which these strange reptiles occur has been called by the writer the 
Ceratops beds, from the type genus Ceratops, and its position is sliowu 
in the section on page 145.

1 American. Journal of Science, 1888-1894
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This geological horizon is a distinct one in the upper Cretaceous, 
and is indicated for more than 800 miles along the eastern flank of the 
Rocky Mountains. It. is marked at nearly every outcrop by remains of 
these reptiles, and hence the strata containing them have been called 
the Ceratops beds. They are fresh-water or brackish deposits which 
form a part of the so-called Larauiie, but are below the uppermost beds 
referred to that group. In some places, at least, they rest upon marine 
beds, which contain invertebrate fossils characteristic of the Fox Hills 
deposits. The most important localities in the Ceratops beds are in 
Wyoming, especially in Converse County.

FIG. 53. Map of Converse County, Wyoming; showing localities where skulls of the Ceratopsidas 
have been discovered.

The position of each skull is indicated by a cross (+), and more than thirty of these specimens 
were fonnd within the area bounded by the Cheyenne River and the dotted line. The localities given 
are based upon field notes made by Mr. J. B. Hatcher.

The fossils associated with the Ceratopsidse are mainly dinosaurs, 
representing one or two orders and several families. Plesiosaurs, croc­ 
odiles, and turtles, of Cretaceous types, and many smaller reptiles, 
have left their remains in the same deposits. S"urnerous small mam­ 
mals, also of ancient types, a few birds, and many fishes, are likewise 
entombed in this formation. Invertebrate fossils and plants are not 
uncommon in the same horizon.
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TRICERATOPg.

THE SKULL

The skull of Triceratops, the best-known grams of the family, has many 
remarkable features. First of all, its size, in the largest individuals, 
exceeds that of any land animal hitherto discovered, living or extinct, 
and is surpassed only by that of some of the cetaceans. The skull rep­ 
resented (one-ninth natural size) on PI. LIX is one of the most perfect 
yet discovered. Those shown on PI. LX, figs. 1-3, are both of compara­ 
tively young animals, but are about 6 feet in length. The type speci­ 
men of Tnceratops horndus was an old individual, and the head, when 
complete, must have been 7 or 8 feet long. Two other skulls, nearly 
perfect, from the same horizon, have equal or still greater dimensions

Another striking feature of the skull is its armature. This consisted 
of a sharp, cutting beak in front, a strong horn on the nose, a pair of 
very large pointed horns on the top of the head, and a row of sharp 
projections around the margin of the posterior crest. All these had a 
horny covering of great strength and power. For off'ense and defense 
they formed 1 <>» ether an armor for the head as complete as any known. 
This armature dominated the skull, and in a great measure determined 
its form and structure. In some forms the armature extended over 
portions of the body.

The skull itself is wedge-shaped in form, especially when seen from 
above. The facial portion is very narrow, and much prolonged in front. 
In the frontal region the skull is massive and greatly strengthened, to 
support the large and lofty horn cores which formed the central feature 
of the armature. The huge, expanded, posterior crest, which over­ 
shadowed the back of the skull and neck, was evidently of secondary 
growth, a practical necessity for the attachment of the powerful liga­ 
ments and muscles that supported the head (PI. LX, figs. 2 and 4).

THE liOSTRAL BONE.

The front part of the skull shows a very high degree of specialization, 
and the lower jaws have been modified in connection with it. In front 
of the premaxillaries there is a large, massive bone not before seen in 
any vertebrate, which the writer has named the rostral bone (os ros- 
trale). It covers the anterior margin of the premaxillaries, and its 
sharp inferior edge is continuous with their lower border. This bone 
is much compressed, and its surface is very rugose, showing that it was 
covered with a strong, horny beak. It is a cartilage ossification, and 
corresponds to the predentary bone below.

The latter in Tnceratops is also sharp and rugose, and likewise was 
protected by a .strong, horny covering. The two together closely resem­ 
ble the beak of some turtles, and as a whole must have formed a most 
powerful weapon of offense.

In one skull figured (PI. LX, fig. 1) the rostral bone was free, and was 
not obtained. This was also true of the predentary bone and the nasal
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horn core. Hence these parts are represented m outline, taken from 
another specimen in which they are all present and m good preservation, 
lu another skull represented (PI. LIX, and PI. LXI, figs. 1-3), the 
rostral bone and nasal horn core arc in position and firmly coossified 
with the adjoining elements.

The premaxillary bones are large and much compressed transversely. 
Their inner surfaces are fiat and meet each other closely on the median 
line. Tn old specimens they arc fiiinly coossified with each other and 
with the rostial bone. Each sends upwaid a strong process to sup- 
poit the massive nasals. Another process, long and slender, extends 
upward and-backward, forming a suture with the maxillary belimd, and 
uniting in front with a descending branch of the nasal. The piemaxil- 
laries are much excavated externally for the narial aperture, and form 
its lower maigm. They are entirely edentulous.

The maxillaries are thick, massive bones of moderate size, and snb- 
tnangulai 111 outline when seen from the side. Their front margin is 
bounded mainly by the piemaxillaries. They meet the prefroutal and 
lachrymal above, and also the jugal. The alveolar border is narrow 
and the teeth die small, \Mth only a single row in use at the same time.

The nasal bones aie large and massive, and greatly thickened ante- 
rioily to snppoit the nasal horn core. lu two of the skulls figured 
these bones are separate, but in oldei individuals they are firmly coossi­ 
fied with each other and with thefroutals. The nasal horn core ossifies 
from a separate center, but in adult animals it unites closely with the 
nasals, all traces of the connection being lost. It varies much in form 
in different species.

1HE HOKSf CORES

The frontal bones arc quite short and early unite with each other and 
with the adjoining elements, especially those behind them. The frontal 
or central region of the skull is thus greatly strengthened to support the 
enormous horn cores \\hich tower above. These elevations rest mainly 
on the postfrontal bones, but the supraorbitals and the postorbitals are 
also absorbed to form a solid foundation for the horu cores.

These horu cores are hollow at the base (PI. LX, fig. 3), and in gen- 
eial form, position, and external texture agree with the corresponding 
parts of the Bovidft. They vary much m shape and size in different 
species. They weie evidently covered with massive, pointed horns, 
forming most powerful and effective weapons.

The orbit is at the base of the horn coie, and is surrounded, espe­ 
cially above, by a veiy thick margin. It is oval in outline and of mod­ 
erate size.

The postfrontal bones are very large, and meet each other on the 
median line. Posteriorly they .join the squamosals and the parietals. 
At their union with the latter there is a, median foramen (PI. LX, fig. 
3, x), which may correspond to the so-called "parietal foramen." In 
old individuals it is nearly or quite closed. When open it leads into 

10 GKOL, PT 1  14
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a large sinus, extending above the brain case into the cavities of the 
horn coies. This foramen has not before been observed in dinosaurs.

THE POhTI'.KIOK CUES!

The enoiruous posterior crest is formed mainly by the parietals, which 
meet the po&tfroutals immediately behind the horn cores. The poste­ 
rior maigin is protected by a series oi special ossifications, uluchm 
life had a thick horny covering. These peculiar ossicles, -which extend 
around the whole ciest, the wnter has called the epoccipital bones (PI. 
LX, figs 1-3, e, and PI, LXI, fig. 8, c). In old animals they are firmly 
coohMiiecl with the bones on which they rest.

The lateial portions of the ciest are formed by the squamosals, 
which meet the panetals in an open suture. Anteriorly they join the 
postfrontal elements, which form the base of the horn core, and later­ 
ally they unite with the jngals. The supi ateiuporal fossa; lie between 
the squamosals and the panetals.

1SASE OF SKULL

The base of the skull has been modified in conformity with its upper 
surface The basioccipital is especially massive, and strong at eveiy 
point. The occipital coudyle is very large, and its articular face nearly 
spherical, indicating gieat freedom of motion. The basioccipital 
processes are shoit and stout. The basipterygoid processes are longer 
and less robust.

The foramen magnum is very small, scarcely one-half the diameter 
of the occipital condyle. The brain cavity is especially diminutive, 
smaller in proportion to the skull than m any other known icptile.

The exoccipitals are also robust, and firmly coossified with the basi- 
occipitals They form about three-fourths ot the occipital condyle, as 
in some of the chameleons. The supraoccipital is very small, and its 
external surface is excavated in to deep cavities. It is coossified late with 
the panetals above and with the exoccipitals on the sides (PI LX, fig. 2).

The quadiate is robust and its head much compressed. The latter 
is held firmly in a deep groove of the squamosal. The anterior wing 
of the quadrate is large and thin, and closely united with the bioad 
blade of the pterygoid.

The quadratojugal is a solid, compressed hone, uniting the quadrate 
with the large, descending process ot the jugal. In the genus Triceia 
tops the quadratojugal does not unite with the squamosal. In Cera- 
tops, which includes some of the smaller, less specialized forms of the 
family, the squamosal is firmly united to the quadratojugal by suture.

The quadratojugal arch in this group is strong and curves upward, 
the jugal uniting with the maxillary, not at its posterior extremity, 
but at its upper surface (PL LX, fig. 1). This greatly strengthens the 
center of the skull, which supports the horn coies, and also tends to 
niodiiy materially the elements of the palate below. The pterygoids,
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in addition to their strong union with the quadiate, send outward a 
branch, which curves around theeiid of the maxillary.

The palatine bones are much smaller than the pterygoids. They are 
veitical, curved plates, outside and in front of the pterygoids, and 
uniting" firmly with the maxillanes. The vomers join the pterygoids 
in front, where they appear as thin bones, closely applied to each other.

The transverse bones give some support to the maxillaries, which 
are further strengthened by close union with the pteiygoids. They 
meet the pterygoids behind and the palatines in front.

 1HK IOWEK TAWS.

The lower jaws show no specialization of great importance, with the 
exception of the predeutaiy bone already described (PI. LXI, figs. 4-0). 
There is, however, a very massive eorouoid process rising' from the 
posterior part of the dentary (PI. LX, fig. 1). The articular, angular, 
and suraugular bones are all short aud strong, but the splenial is very 
long aud sleiidei, extending to the predentary. The angle of the lower 
jaw piojects but little behind the quadrate.

The skull shown 011 PI. LIX was discovered in the Ceratops beds of 
Wyoming by the writer's able assistant, Mr. J. B. Hatcher, who also 
fouud many other remains of dinosaurs.

THE BRAIN.

The brain of Tneeratops appears to have been smaller in proportion 
to the entire skull than in any known vertebrate. Its relative size is 
shown on PI. LXXVI, fig. 1.

The position of the brain in the skull does not correspond to the 
axis of the hitter, the trout being elevated at an angle of about 30° 
(PI. LXI, fig. 7).

The brain case is well ossified in front, and in old animals there is a 
strong septum separating the olfactoiy lobes.

THE TECTII.

The teeth of Tneeratops and its near allies are very remarkable in 
having two distinct roots. This is true of both the upper and lower 
series. These roots are placed transversely in the jaw, and there is a 
separate cavity, moie or less distinct, for each of them. One of these 
teeth from the upper jaw, represented by several figures (PI. LXI, fig^,. 
9 and 10, and PI. LXXVII1, fig. 4), is typical of the group.

The teeth form a single senes only in each jaw. The upper and lower 
teeth are similar, but the grinding face is reversed, being on the inner 
side of the upper series and on the outer side of the lower series. The 
sculptured sm face in each series is ou the opposite side from that in use.

The teeth are not displaced vertically by their successors, but from the 
side. The crown ot the young-tooth, also with two strong roots, cuts its 
way between the alveolar margin and the adj jeent root of the old tooth, 
but .sometimes, as might be expected, advances between the two loots.
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The teeth 111 this family are entirely confined to the maxillary and 
dentary bones. The rostral bone, the premaxillaries, and the pre- 
dentary are entirely edentulous.

CERVICAL, AXD DORSAL VEHTEBRJS.

The atlas and axis of Triceratops arc coossifled with each other, and 
at least one other vertebra is firmly united with them. These form a 
solid mass, well adapted to support the euoiuious head (PI. LXIV, 
fig. 1). The cup for the occipital condyle is nearly lound and very 
deep. The rib of the second vertebra is eoossified with.it, but the 
third is usually free. The centrum of the fourth vertebra is fiee, and 
the remaining cervicals are ot the same general form, all having their 
articular faces nearly flat.

The anterior dorsal vertebra have very short centra, with flat artic- 
ulai ends, and resemble somewhat those of Stegosaurus, especially in 
the neural aicli. This is shown in PI LXIV, figs. 3 and 4.

The posterior trunk vertebras have also short, flat centra, -but the 
diapophyses have faces for both the head and tubercle of Ihe ribs, as 
in crocodiles, a feature but recently seen in dinosaurs.

THE SACRUM

The sacrum was strengthened by union of several vertebra, ten 
being coossified m one specimen of Triceratops (PI. LXV). The middle 
or true sacial vertebrae have double transverse piocesses, diapophyses 
being present and aiding in supporting the ilium. This character has 
been seen hitherto in the Dmosauria only in Ceratosaurus and some 
other Theropoda.

The main support of the pelvis was bome by four vertebras, which 
evidently constituted the original sacrnm. In trout of these, two others 
have only simple processes, and apparently were once dorsals or lum- 
bars. Three vertebras next behind the true sacrum have also single 
processes, and the fourth, or last of the series, has the nb process weak, 
and not reaching the ilium (PI. LXV). Seen from the side the saeium 
is much arched upward, and the neural spines of the true sacrum are 
firmly coobsified. In the median region the sacral vertebra; have their 
centra much compressed, but the last of the series are widely expanded 
transversely. The whole appearance of the sacrum is remarkably aviau. 
The neural canal of the sacral vertebne has no special enlargement, 
thus differing widely from that in Stegosaurus.

THE CAUDAL VER1EI»R.«

The caudal vertebras are short and the tail was of moderate length. 
The fiist caudal has the anterior face of the centrum concave vertically, 
but flat transversely, and a short, massive neural spine with expanded 
summit (PI. LXIV, figs. 5-7). In the median caudals the centra have 
biconcave articular faces and weak neural spines. The distal caudals 
are longer than wide, with the ends concave and nearly round.
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THE SCAPULAR AUCH AND FORE LIMBS.

The scapula is massive, especially below. The shaft is long and nar­ 
row, with a thm edge in trout and a thick posterior margin above the 
glenoid fossa. The distal portion has a median external ridge and a 
thick end (PI. LXVI, fig. I, sc).

The coracoid is rather small, and 111 old individuals may become 
united to the scapula. It is subrhombic in outline, and is perforated 
by a large and well-defined foramen. So indications of a sternum have 
yet been found in this group.

The humerus is large and robust and similar in form to that of 
Stegosaurus. In one individual it is nearly as long as the femur, prov­ 
ing that the animal walked on all four feet. The radius and ulna are 
comparatively short and &tout, and the latter has a veiy large olecra- 
non process, as shown in PI. LXVI, fig. 3.

There were five well developed digits in the manns. The metacar- 
pals are short and stout, with rugose extremities. The distal phalanges 
are broad and hoof-like, showing that the fore feet were distinctly 
ungulate (PI. LXIX).

THE PELVIS.

The pelvis in this group is very characteristic, and the three bones, 
ilium, ischium, and pubis, all take a prominent part in forming the 
acetabnlum. The relative size and position of these are shown in PI. 
LXVII, fig. 1, which represents the pelvic elements as nearly in the 
same plane as their form will allow, while retaining essentially their 
relative position in life.

The ilium is much elongated, and differs widely from that 111 any of 
the known groups of the Diiiosauna. The portion in fiont of the uce- 
tabulum forms a broad,, horizontal plate, which is continued backward 
over the acetabulum, and narrowed 111 the elongated, posterior exten­ 
sion. Seen from above, the ilium, as a whole, appears as a nearly hor­ 
izontal, sigmoid plate. From the outside, as shown in the figure, the 
edge of this broad plate is seen.

The protuberance for the support of the pubis is comparatively 
small and elongated. The face for the ischium is much larger, and 
but little produced. The acetabular face of the ilium is quite narrow.

The pubis is massive, much compressed transversely, with its distal 
end widely expanded, as shown in the figures (PI. LXVII). There is 
no true postpubis, but only a small postpubic process. The pubis 
itself projects forward, outwsud, and downward. Its union with the 
ilium is not a strong one, and is similar to that seen in the pubis of 
Stegosaurus.

The ischium is smaller than the pubis, but more elongate. Its shaft is 
much curved downward and inward, and in this respect it resembles 
somewhat the corresponding part of the pubis of the ostrich. There 
is no indication that the two i.schia met closely at their distal ends, 
and they were probably united only by cartilage.
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A comparison of this pelvis with that of Stegosaurus (PI. LXXXI) 
shows some points of resemblance, but a wide difference in each of tlie 
elements. The pubis corresponds in its essential features to the pre- 
pnbis of Stegosaurus, but tbe postpubis is represented only by a short 
process.

THE POSTERIOR LIMBS

The femur is short, with the great trocbanter well developed. The 
shaft is comparatively slender, and the distal end much expanded. 
The third trochanter is wanting, or represented only by a rugosity 
(PI. LXVIII,fig. I).

Tbe tibut is of modeiate length, and leseinbles that of Stegosaurus. 
The shaft is slender, but the ends are much expanded. The fibula is 
very slender, and the distal end was closely applied to the front of the 
tibia (PI. LXVIII, fig. 2). In adult individuals the astragalus is fiimly 
eoossified with the distal end of the tibia, as in Stegosaurus.

The metatarsal bones which were functional are rather long, but 
massive. Their phalanges are stout, and the distal ones broad and 
rugose, indicating that the digits were terminated l>y veiy strong hoofs 
(PI. LXIX, figs. 7-12).

All the limb bones and vertebra? in Tnceratops and tbe nearly allied 
genera are solid.

I UK DEUMAT, ARMOR

Besides the armature of tbe skull, the body also in Triceratops was 
protected (PI. LXX). The nature and position of the defensive parts 
in the different forms can not be determined with certainty, but vari­ 
ous spines, bosses, and plates have been found that clearly pertain to 
tbe dermal covering of Triceratops, or nearly allied genera. Several of 
these ossifications were probably placed on the back, behind the crest 
of the skull, and some of the smaller ones may have defended the throat, 
as 111 Stegosaurus.

TO11OSAUBUS.

In the type specimen on which this genus was based the greater 
portion of the skull is preserved, and this presents so many points of 
interest that a figure of it, one-twentieth natural size, is here given in 
PI. LXII, fig. 1. The second species is represented also by the skull, 
which, although not complete, supplements the type 111 several important 
respects, and figures of its posterior poitioiis are likewise given in the 
same plate and in fig. 54, on the opposite page. Both specimens are of 
gigantie size, one skull measuring 5J feet across the parietal crest, and 
the other is nearly as large. They differ widely, moreover, from the 
huge horned dinosaurs hitherto found in the same general horizon, and 
in the skull present characters of much interest.

THK SKULL

In Torosaurus latuft, the species ftist described, the skull appears 
wedge-shaped when seen from above, as shown in PI. LXII. Tbe facial 
portion is very short and pointed, and somewhat suilline in form. The
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nasal horn core is compressed, with a sharp apex directed forward. 
The frontal horn cores are large and strongly inclined to the front, 
extending apparently in advance of the nasal protuberance. The long, 
slender squamosals diverge rapidly as they extend backward, their 
outer margins being nearly on a line with the facial borders in the 
maxillary region.

The parietal forms more than half of the upper surface of the skull, 
and is the most characteristic element in its structure. In the poste­ 
rior part are two very large apertures, oval in outline, with their outer 
margin at one point formed by the squamosal. The rest of tbe border 
is thin and somewhat irregular, showing that the openings are true

FIG. 54. Skull of Torosaurus gladius~&LtiTRk   seen from above. One-twentieth natural size. 
c, snpratemporal fossa; e\ epijugal bone; /', parietal fontanelle; 7i, torn core; /i', nasal torn core; 

p, parietal; e, squamosal; a', pineal foramen (?).

fontaiielles. This is still better seen in the second species represented 
in the same plate, fig. 2, and in fig. 54, above. In the latter specimen, 
however, these vacuities are entirely in the parietal, a thin strip of bone 
separating them on either side from the squamosal. A second pair of 
openings, much smaller, apparently tbe true supratemporal fossa?, are 
shown in the type specimen. These are situated mainly between the 
parietal and squamosal, directly behind the bases of the large horn cores 
(PI. LXII, fig. 1, c). The same apertures are represented in the genus 
Triceratops by oblique openings, as in the skull shown on PI. LX, fig. 
3; c, where the front border of each is formed by the postfrontal.

Between these openings, in the type of Torosaurus, is a third pair of 
apertures (PI. LXII, fig. 1, c'). These are quite small, nearly circular in 
outline, and entirely in the parietal, although probably connected
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originally with the supratemporal fossae. Another pair of still smaller 
foramina may be seen in the same skull, close to the median hue, and 
separated from each other by the anterior projection of the parietal. 
A deep groove leads forward to each of these foramina, along the 
sutuie between the parietal and the postfroutal. The position and 
direction of these perforations suggest that they may correspond to the 
foramen seen m Triceratops, and shown on PI. LX, fig. 3, x. The same 
foramen is shown above in fig. 54.

The extreme lightness and great expanse of the posterior crest in 
Torosaurus make it probable that it was euca&ed m the integuments of 
the head, and that no part of it was free. The outer borders of both 
the parietal and the squamosals show no marginal ossifications, as in 
the other known genera of the group, but the presence of a large, 
separate, epijugal bone in oue specimen suggests that epoccipitals may 
yet be found.

The open perforations in the parietal, which have suggested the name 
Torosaurus, readily separate this genus from all the gigantic species 
hitherto known m the <Jeratopsida3, but may perhaps be found in some 
of the smaller aud less specialized forms, from lower horizons of the 
same formation.

CERATOPS.

The genus Ceratops so far as at present known is represented by indi­ 
viduals of smaller size than those of Triceratops, and m some instances, 
at least, of quite different proportions. The type specimen is shown 
in PL LXTTI. A third genus, Sterrholophus, can be readily distin­ 
guished from the other two by the parietal crest, which had its entire 
posterior surface covered with the ligaments and muscles supporting 
the head, in Ceratops and Triceratops a wide margin of tins surface 
was free, aud protected by a thick, horny covering. There is some 
evidence that still other forms, quite distinct, left their remains m 
essentially the same horizon, but their true relation to the above genera 
cau not be settled without further discoveries.

STERRHOLOPHUS.

With the successive changes in the parietal in the Ceratopsidaj, there 
weie corresponding vaiiahom-, in the squamosals, aud these bones also 
will serve to distinguish the principal genera from one another. In PI. 
LXIIIthe squamosals of three genera of this group arc shown, and the 
wide difference between them, when seen from the inside, is especially 
noticeable. In fig. 4 of this plate, the long, slender, right squamosal 
of Torosaurus, with its smooth outer border, is well represented. In 
fig. r> is seen the same bone of Sterrholophus, with a serrate outer 
margin and smooth inner surface, also shown in fig. 1 of PI. LX. Next, 
in fig. G is the small, short squamosal of Ceratops, nearly bisected by its 
deep quadrate groove. The free sculptured border of both the parietal 
and squamosals of Tliceratops is clearly shown in PI. LX, fig. 4, where 
the contrast with the corresponding parts in fig. 2 is noteworthy.
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AGATHAUMAS.

Three other generic names have been applied by Cope to remains of 
Ceratopsidoe found in this country, namely, Agathaumas, Polyonax, 
and Mouoclonms. The first of these was based on part of a skeleton, 
without the skull, found in Wyoming. The second name was given 
to various fragments from Colorado, including parts of horn cores, 
regarded as ischia, but all these may be the same generically as the 
preceding specimen. The third name, Mouoclonius, was used foi a 
skeleton from Montana, with parts of the skull and teeth pieservcd. 
This animal was one of the smallest of the group, while the other 
remains pertained to reptiles of larger size, but not of the gigantic 
proportions of those more recently described. So for as can be judged 
from the descriptions and figures of the type specimens, the three 
generic names just cited can not be used foi any of those previously 
mentioned in this article. A comparison of the principal characters 
v,ill place this beyond reasonable doubt.

In the type of Agathaumas the remains best preserved aie from the 
pelvic region, which, according to Cope, 1 possesses the following fea­ 
tures: The ilium has no facet nor suture lor the pubis at the front of 
the acetabulum, and the base of the ischmm is coossified with the ilium. 
Theie are eight, or perhaps nine, sacral vertebrte, with the neural 
spines of the first five mere tuberosities. The diapophyses are in pans, 
and the last sacral vertebia is reduced and elongate. These charac­ 
ters, and some otheis found m the description cited, are certainly dis­ 
tinctive, but do not apply to any of the allied fossils described by the 
writer. Portions of the type specimen, moreover, are in the Yale 
museum, as well as other remains from near the same locality, The 
fossils described as Polyonax, and other similar specimens collected in 
the same region, afford at present no evidence for separation from 
Agathaumas.

MONOCLONIUS.

The small dinosaur for winch the name Monocloiims was proposed 
is perhaps generically distinct from Agathaumas, but no conclusive 
evidence of this has yet been presented. The description given makes 
the teeth, dorsal vertebrae, aud pelvis different from those of any of 
the larger forms, and the T-shaped parietal (figured first by Cope as 
an episterual bone) is especially distinctive. None of the other known 
Ceiatopsuke have the pariet.il fontanelles except Toiosaurus, one of 
the most gigantic forms discovered, and this genus differs from Mon- 
oclonms, as described, m various important points. The very long 
frontal horn cores, directed forward, the nariow, elongate squamosals, 
the absence of a median crest on the parietal, as well as the form and 
anterior connections of this bone, all serve to distinguish cleaily the 
former from the latter.

' Vertebrata of the Cretaceous formations of tbo Webt, p 53,1875
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RESTORATION OF TRICERATOPS. 

PLATE LXXI

The abundant material now available for examination makes it pos­ 
sible to attempt a restoration of one characteristic form of this group, 
and the result is given m PI. LXXI. This ligure, about one fortieth 
natural size, is reduced from a large outline plate of a memoir now in 
preparation by the writer for the United States Geological Survey.

This restoration is based mainly on two specimens. One of these is 
the type of Tnceratops prorsiis Marsh, in which the skull, lower jaw, 
and cervical vertebra} aie in remarkable preservation. The other 
specimen, although somewhat larger, is leferral to the same species. 
It consists of parts of the skull, of vertebne, the pelvic arch, and 
nearly all the important limb bones. The lemaining portions are 
taken mostly from other remains found in the same horizon and locali­ 
ties, and at present are not distinguishable specifically from the two 
specimens above mentioned. The skull as here represented corresponds 
in scale to the skeleton of the larger individual.

In this restoration the animal is represented as walking, and the 
enormous head is in a position adapted to that motion. The massive 
fore limbs, proportionally the largest in any known dinosaur, corre­ 
spond with the head, and indicate slow locomotion on all four feet.

The skull is, of course, without its strong horny covering- on the 
beak, horn cores, and posterior crest, and hence appears much smaller 
than in life. The neck seems short, but the first six cervical vertebrse 
aie entirely concealed by the crest of the skull, which in its complete 
armature would extend over one or two vertebrie more. The posterior 
dorsals with their double-headed ribs continue back to the sacrum 
itself, there being no true lumbars, although two vertebra?, appaiently 
once lumbais, are now sacrals, as their transverse processes meet the 
ilia, and their centra aie coossified with the true sacrum. The four 
original sacral vertebras have their neural spines fused into a single 
plate, while the posterior sacrals, once caudals, have separate spines 
directed backward.

^"o attempt is made in this restoration to represent the dermal armor 
of the body, although in lif<», the latter was more or less protected. 
Various spines, bosses, and plates, indicating such dermal armature, 
lia\e been found with remains of this group, but the exact position of 
these specimens can be, at present, only a matter of conjecture.

This restoration gives a correct idea of the general proportions of the 
entire skeleton in the g'enus Triceratops. The size, in life, would be 
about 25 feet in length and 10 feet in height

DISTINCTIVE CHARACTERS OF GROUP.

This group so far as at present investigated is very distinct from all 
other known dinosaurs, and whether it should be regarded as a family,
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Oeratopsidre, as first described by the writer, or as a suborder, Ceratop- 
sia, as later defined by him, will depend upon the interpretation and 
value of the peculiar characters manifested in its typical forms.

The main characters which separate thegionp from other families of 
the Dmosauria are as follows:

(1) A rostral bone, forming a sharp, cutting beak.
(2) The skull surmounted by massive horn cores.
(3) The expanded parietal crest, with its marginal armature.
(4) A pineal foramen (?}.
(5) The teeth with two distinct roots.
(6) The anterior cervical vertebrae coossified with each other.
(7) The dorsal vertebra; supporting, on the diapophysis, both the head 

and tubercle of the rib.
(8) The lumbar vertebra} wanting.
The animals of this group were all herbivorous, and their food was 

probably the soft, succulent vegetation that flourished during1 the Cre­ 
taceous period. The remains here figured are from the Ceratops beds 
of the upper Laramie, on the eastern slope of the Rocky Mountains.

The only known European member of this group is the Strntlnosau- 
rus Bunzel, 1871, apparently identical with Cratajomus Seeley, 1881. 
It is from the Gosau formation of Austria, and the locality was visited 
by the writer in 18C4. Although only fragments, mostly of the skel­ 
eton and dermal armor, are known, some of these are very character­ 
istic. One specimen figured by Seeley, and regarded as a dermal plate 
bearing a horn-like spine, is certainly part of the skull. It is very 
similar in form to some of the hoin cores of the smaller species of 
Ceratops.

CLA.OSA TJRIDJl

The nest most important family of herbivorous dinosaurs from the 
Cretaceous of I^orth America is the Claosaurulrc, and of these the type 
genus is Claosauius, described by the wntei in 1890, from a specimen 
found by him in Kansas in 1872. Several fortunate discoveries since 
made have rendered this genus one of the best known of American 
forms, and hence the principal characters of the skull and skeleton aie 
here given in detail.

CLAOSAURXJS. 

THE SKULL

The skull of Claosanrus is long and narrow, with the facial portion 
especially produced. The anterior part is only moderately expanded 
transversely. Seen from the side (PI. LXXII, fig. ]), the skull shows 
a blunt, rugose muzzle, formed above by the premaxillary and below by 
the piedeutary, both probably covered in life with a thick, corneous 
integument.

Behind the upper part of this muzzle is an enormous lateral cavity, 
which includes the narial orifice, but was evidently occupied in life 
mainly by a nasal gland, somewhat like that in the existing monitor,
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and seen also in some birds. This cavity is bounded externally by the 
nasal bone and the premaxillary. The median septum between the two 
naiuil orifices was only in pait ossified, the large oval opening now 
pieseut in the skull probably having been closed in life by caitilage.

The 01 bit is very large and subtnaiigular in outline. It is formed 
above by the pret'rontal, frontal, and postfiontal, and below mainly by 
the jugal. There are no supraorbital bones. A distinct laehrjmal 
lorms a portion of the anterior border. The mfraternporal fossa is 
laige, and is bounded above by the postfroutal and squamosal, and 
below by the jugal. The quadi ate forms a small portion of the posterior 
border.

Seen from in front (PI. LXXII, fig. 2), the skull of Claosaurus is sub- 
ovate in outline, with the narrow portion above. The premaxillanes 
and the predentary bone forming the rugose muzzle are especially mas­ 
sive and prominent, and the powerful lower jaws seem out of propor­ 
tion to the more delicate bones of the cranium.

Seen from above (PI. LXXII, fig. 3), the structure of the skull itself 
is shown to the best advantage. In front are the large premaxillanes, 
deeply excavated for the nasal openings. These bones are separate, 
and each sends back a long, slender process inside the anterior pio- 
jectiou of the nasal, and a still longer process forming the lower border 
of the nanal orifice, aim extending to the lachrymal. The front of the 
preniaxil lanes is especially massive, and its surface rugose, indicating 
that it had been covered with a horny beak. The lower border is sharp, 
conforming to the corresponding surface of the predentary bone, which 
was doubtless also inclosed in a horny covering. The premaxillaries 
weie entirely without teeth.

The nasal bones are long and slender, and especially produced in 
front, where they embiace the posterior median extensions of the pre- 
maxillaries. They also meet the lateral processes of the premaxillanes 
behind the nasal openings, and likewise touch the lachrymals. Farther 
back they meet the prerrontals and closely unite with the froutals, as 
shown in PI. LXXII.

The fiontal bones are quite short, and nearly as wide as long. They 
are united to each other by a well-marked suture. Their upper suiface 
is smooth, and there is a slight depression on either side, posteiior to 
the suture with the prefrontals. Each frontal bone forms a portion of 
the upper border of the orbit, and behind this meets the posttrontal. 
Posteriorly the frontals foim the anterior border of the snpratemporal 
fossie, and between these unite by sutme with the eoossified pauetals.

The latter bones aie quite small, and appear on the upper surface of 
the skull mainly as a narrow ridge separating the supratemporal fossae, 
and ending behind in a point, between the median processes of the 
squamosals. The parietals expand below, where they cover the pos­ 
terior portion,of the brain cavity.

The squamosal bones are robust, and their position and connections
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are well shovn on PI. LXXII, flgs. 1 and 3. On the median line above 
they meet tlie narrow extension of the parietals, and exterior to this 
they form the posterior borders of the supratemporal fossie. In front 
they unite by a strong process Mith the posterior branch of the post 
fiontals. Their posterior border is joined mainly to the exoccipitals. 
On the outer surface of each squainosal there is a deep pit to receive 
the head of the quadrate, and in front of tins a short, narrow process 
extends down the quadrate, forming- a part of the border of the infra- 
temporal fossa.

The quadrate bone and its mam connections are shown on PI. LXXII, 
flgs. 1-3. It is firmly supported above by the sqnainosal, but its dis­ 
tinct, rounded head indicates the possibility of some motion. On the 
outer surface in front it joins by open suture the strongjugal bone, and 
below this unites with the small, discoid quadratojugal. Its inner 
margin extends forward into a broad, thin wing for union with the 
pterygoid. The lower extremity is massive, and moderately expanded 
transveisely for articulation with the lower jaw.

Thejugal is one of the most characteristic parts of the skull, as may 
be seen from the figures on PI. LXXII. Its main portion is robust, 
mnch compressed, and convex externally. On its upper margin it 
forms the lower bordei of the orbit and of the mfratemporal fossa, 
sending up a strong process between them, which extends iiiside and 
111 front of the postorbital branch of the postfroutal. In front it is 
strongly united to the maxillary, and above joins by suture with the 
lachrymal.

The maxillary bone in Claosaurus is of moderate dimensions, and 
seen from the outside is overshadowed by the premaxillary and jngal, 
as shown in the same plate, fig. 1. Its lower dentary border is thickly 
studded with a regular series of teeth, which slightly overlap those of 
the lower jaw. From above only a small portion of the maxillary is 
visible, as seen in PI. LXXII, fig. 3.

The lower jaws are long and massive. The predentary bone is robust, 
and especially fitted for meeting the strong beak above. The dentary 
bones are large and powerful, with elevated coronoid processes. The 
angular and surangular bones are, however, quite short and not espe 
dally strong.

THE 'lEK'IH

The teeth of Claosaurus are confined entirely to the maxillary and 
dentary bones. In each the teeth are very numerous, and are arranged 
in vertical series, so that they succeed each other as the functional 
teeth are worn away. This is seen in PI. LXXVIII, fig. 2, which shows 
the form of the teeth and their relations to each other m the same 
seiies. The number of teeth in each depends upon the position, the 
scries near the middle of the jaw having the greatest number, some­ 
times six or more The teeth of the upper jaw have the external face 
of the ciowii covered with enamel and lidged. In the lower jaw this
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is reversed, the ridged face of the erowii bemg on the inside. This 
arrangement greatly increased the cutting power of the jaws. The 
food was probably soft vegetation.

THE BRAIN

The brain of Claosaurus was very small, its size in proportion to the 
skull being represented in PI. LXXVI, fig. 2, which also shows the 
exact position of the brain in the cranium. A cast of the brain cavity 
is shown in PI. LXXVI I, fig. 3, one-fourth natural size. The brain us 
a whole was considerably elongated, especially the posterior half. The 
olfactory lobes were well developed, and not separated by an osseous 
septum. The cerebral hemispheres were comparatively large, forming 
nearly or quite half the entire brain. The optic lobes were narrow, 
but considerably elevated. The cerebellum was rather small, and also 
much compressed. The medulla was of good size, and nearly circular 
in transverse outline. The pituitary body was quite large. The inter­ 
pretation of some of the more minute features of the brain is a matter 
of difficulty, and will be more fully discussed elsewhere.

TII1C VER1EH1! I

The main characters of the vertebral column of Glaosaurus aie well 
shown in the restoration (PI. LXXIV). There are thirty vertebrae 
between the skull and sacrum, nine in the sacrum, and about sixty in 
the tail. The whole vertebral column was found in position except the 
terminal caudals, which are here represented in outline. The cervical 
vertebra are strongly oprsthocoelrun, and the iirst eleven have shoit 
ribs. The dorsals are also opisthocuilmn. There are no true lumbar 
vertebrae, as the last of those m front of the sacrum support free libs. 
The anterior caudals are opisthoccehan. The instant! second have no 
chevrons. Behind these the chevron bones are very long, indicating a 
powerful, compressed tail, well adapted for swimming.

In the median dorsal region, between the ribs and the neural spines, 
are iiumeious rod-like ossified tendons, which increase m number in the 
sacral region and along the base of the tail, and then gradually dimin­ 
ish in number and size, ending at about the thirty-fifth caudal. These 
ossified tendons are well shown in the restoration, and arc of much 
interest. They are not unlike those in Ignauodon described by Dollo, 
but as a rule are more elongate, and appear to lack the definite arrange­ 
ment m rhomboidal figures observed m that genus

THE 1'OHK AND MIND J/IMBS

The fore limbs are unusually small m comparison with the posterior, 
and the relative size of the two is shown on PI. LXXIII. The scapular 
arch presents many points of interest. The scapula is large, and so 
much curved that its shaft is nearly at right angles to the articular 
faces of its lower extremity (PI. LXXIII, fig. 1, «). On the anterior
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margin, above the articulation for the coracoid, is a strong protuber­ 
ance, with a well-defined facet, adapted to the support of the clavicle, 
if snch a boue were present. The coracoid is very small, and is per­ 
forated by a large foramen. The two peculiar bones now generally 
regarded as belonging to the stermun were separate, as shown in PI. 
LXXV, fig. 4.

The humerns is comparatively short, and has a prominent radial 
crest. The radius and ulna are much elongated, the latter being longer 
than the humerus, and the radius about the same length. The ulna 
has a prominent olecrauon process, and is a stouter bone than the 
radius. The carpal bones were quite short, and appear to have been 
only imperfectly ossified. The fore foot, or inanus, was very long, and 
contained three functional digits only. The first digit was rudimentary, 
the second and third were nearly equal in length, the fourth was shorter 
and less developed, and the fifth entirely wanting, as shown iu PI. 
LXXIU, fig. 1.

In the functional digits (n, in, iv) the phalanges are elongate, thus 
materially lengthening the fore foot. The terminal phalanges of these 
digits are broad and tint, showing that they were covered with hoofs, 
and not with claws. The limb as a whole was thus adapted to loco-

FlG. 55. Ilium of Clavsaurus agilis Marsh; seen from the left. One-sixth natural size 
a, acetabular border; is, face for iachium; p, face for pubis.

motion or support, and not at all for prehension, although this might 
have been expected from its small size and position.

The elongation of the forearm and maiius is a peculiar feature, espe­ 
cially when taken iu connection with the ungulate phalanges. It may, 
perhaps, be explained by supposing that the animal gradually assumed 
a more erect position until it became essentially a biped, while the fore 
limbs retained in a measure their primitive function, and did not become 
prehensile as iu some allied forms.

The pelvis is shown in PL LXXIII, figs. 2 and 3, and has been 
fully described by the writer. Its most notable features are seen in 
the pubis and ischiuin, the former having n very large expanded pre- 
pubis, with the postpubis rudimentary, while the shaft of the ischium 
is greatly elongated. The ilium of the type species is shown in fig. 55.

The femur is long, and the shaft nearly straight. The great trochanter 
is well developed, while the third trochanter is large and near the middle 
of the shaft, as shown in PI. LXXIII, fig. 2. The external coiidyle of
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the distal end is projected well backward, indicating great freedom of 
motion at the knee

The tibia is shorter than the femur and has a prominent cuemial 
ciest. The distal end is much flattened, and the astragalus is closely 
adapted to it. The fibula is very straight, with its lower end flattened 
and closely applied to the front of the tibia. The caleaneum is large, 
with its concave upper surface closely fitted to the end of the flbula. 
Of the second row of tarsals only a single one appears to be ossified, 
aud that is very small and thin, and placed between, the calcaneum and 
the fourth metatarsal, nearly or quite out of sight.

The hind foot, or pes, had but three digits, the second, third, and 
fourth, all well developed and massive. The terminal phalanges were 
covered with broad hoofs. Thefirst and fifth digits were entirely wanting.

A comparison of the limbs and feet of Claosaurus, as here described 
and h'gured, with those of three allied forms from the Jurassic, Stego- 
saui us, Laosaurus, and Cauiptosaurus, as shown on Pis. XLVIII, LIV, 
and LV, is especially instinctive. These three genera have already 
been quite fully described and figured by the writer, but now points 
ot interest have been made out by the recent investigation of more 
perfect material The pie.sent figures will show more accurately some 
of the mutual relations of these early herbivorous dmosauis to one 
another, as well as to their successors in Cretaceous time. The gradual 
changes that can be traced from one to the other will be discussed in 
a later communication.

All the limb bones in (Claosaurus are solid, thus distinguishing it from 
Traehodou (Hadrosaurus). The separate ischium not coossified with the 
pnbis, the absence of a fourth digit in the hind foot, and other marked 
chaiacters, also make the genus distinct from Pteropelyx, the skull of 
which is not known.

RESTORATION OP CLAOSAURUS. 

PL4.IK LXXIV

The reptile here restored was nearly 30 feet in length when, alive, and 
about lo feet in height in the position represented in PI. LXXIV. 
The remains were obtained in the Ceratops beds of the Laranue, in 
Wyoming. Among the associated fossils are the gigantic Triceratops 
and Torosaurus, winch were also herbivorous dmosauis, and with them 
were found the diminutive Cietaceous mammals recently described by 
the writer.

TRA CHOVONTlDtE

The genus Trachodon of Leidy, which has been admirably described 
under the name Hadrosaurus by that author, 1 is a near ally of Clao- 
saurus, but quite distinct. The generic name Diclouius Cope should 
be regarded as a synonym of Traehodou. The teeth of one species of 
this genus are shown in PI. LXXV, figs. 1 and 2.

1 Cretaceous Keptile-i of the United btates, p 76, 1865
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PALJEOSCINCUS.

A new reptilian genus and species, Pulwoscmcus costatus, was pro-, 
posed by Dr. Leidy, in 1856, for a single tooth found by Dr. Hayden iu 
the Judith Basin. This tooth was more fully described and figured by 
Leidy in 1859. The specimeu showed well-marked characters, and 
many similar teeth have since beeu found, both in the Judith Basin 
and in various other localities of the same horizon.

A smaller speoies, apparently ot the same genus, is not uncommon 
in the Geratops beds of Wyoming, and a characteristic tooth is shown 
on PI. LXXV, fig. 3. This is the type specimen of the species Palcco- 
scmcus latus. The crown of the tooth in this species is broader and 
the apex more pointed than in the first species described, and this is 
clearly shown in comparing the present figures on PI. LXXV with those 
given by Leidy.

NOVOSA

NODOSAURUS.

Another genus of Stegosauna, from a lower horizon iu the Creta­ 
ceous, was discovered several years since, in Wyoming, and the type 
specimeu is now in the Yale museum. This genus, Nodosaurus, was 
described by the writer in 1889. The skull is not known, but various 
portions of the skeleton were secured. One characteiistic feature in 
this geims is the dermal armor, which appears to have been more com­ 
plete than in any of the American forms hitherto found. This armor 
covered the sides closely, and was supported by the ribs, which were 
especially strengthened to maintain it. In the present specimen por­ 
tions of it were found in position. It was regularly arranged in a series 
of rounded knobs in rows, and these protuberances have suggested the 
generic name.

Near the head the dermal ossifications were quite small, and those 
preserved are quadrangular in form, and arranged in rows. The 
external surface is peculiarly marked by a texture that appears inter­ 
woven, like a coarse cloth. This has suggested the specific name, and 
is well shown in PI. LXXV, fig. 5.

The fore limbs are especially massive and powerful, and are much 
like those of the Jurassic Stegosaurus. There were five well-developed 
digits m the inanus, and their terminal phalanges are more narrow 
than usual in this group. The ribs are T-shaped in transverse section, 
and thus especially adapted to support the armor over them. The 
caudal vertebrte are more elongate than those of Stegosaurus, and the 
middle caudals have a median groove on the lower surface of the 
centrum.

The animal when alive was about 30 feet in length. The known 
remains are from the middle Cretaceous of Wyoming. 

16 GEOL,, PT 1    15
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DISTRIBUTION OF ORNITHOPODA

The great group which the author has called the Ornithopoda is 
"well represented in Europe by Tguanodou and its allies. The remark­ 
able discoveries in the Wealden of Belgium of a score or more skele­ 
tons of Iguauodou have furnished material for an accurate study of 
the genus which they represent, and, indirectly, of the family. The 
genus Iguanodon, founded by Mantell in 1824, is now the best known 
of European forms, while Hypsilophodou Huxley, 1870, also from the 
Wealden, is well represented, and its most important characters are 
fully determined. For comparison with American forms, restorations 
of both Hypsilophodon and Iguanodon arc given on Pis. LXXXIII and 
LXXX1V. The other genera of this group, among which arc Mochlodon 
Bunzcl, 1871, Vectisaurus Hulke, 1879, and Sphcnospondylus Seeley, 
1883, are described from less perfect material, and further discoveries 
must decide their distinctive characters.

None of these genera are known from America, but allied forms are 
not wanting. A distinct family, the Trachodontidaj, is especially abun­ 
dant in the Cretaceous, and another, the Camptosauridaj, includes most 
of the Jurassic species. The latter are the American representatives 
of the Iguanodoutida;. The nearest allied genera are, apparently, 
Iguanodon and Camptosaurus for the larger forms, and Hypsilopho­ 
don and Laosaurus for those of small size. A few isolated teeth from 
each country suggest th.it forms more nearly related may at any tune 
be brought to light.

Many generic names have been proposed for members of this group 
found in America a,iid in Europe, but in most cases they are based on 
fragmentary, detached specimens, which must await future discoveries 
before they can be assigned to their true place in the order.

In conclusion, it may be said that the three great groups of Dinosauria 
are each well represented in Europe as well as in America. Some of the 
families, also, of each order have representatives in the two regions, 
and future discoveries will doubtless prove that others occur in both.

No genera common to the two continents are known with certainty, 
although a few are so closely allied that they can not be distinguished 
from one another by the fragmentary specimens thatnow represent them.

From Asia and Africa, also, a few remains of dinosaurs have been 
described, and the latter continent promises to yield many interesting- 
forms. Characteristic specimens, representing two genera, one appar­ 
ently belonging to the Stegosauna, and one to the Theropoda, are 
already known from South Africa, from the region so rich in other 
extinct lieptilia.

From Australia no Dinosauria, except a single specimen, have as 
yet been recorded, but many more will undoubtedly be found there, as 
reptiles of this great group were the dominant land animals of the 
earth during all Mesozoic time.
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PART IV. 

CONCLUSION.

The brief review of North American Dinosaurs given in the preced­ 
ing pages, in connection with the accompanying illustrations, will make 
the reader acquainted with the more important type specimens of this 
interesting group of reptiles, as now known from this continent. To 
discover and bring together these remains, representing several hun­ 
dred individuals, fiom widely separated localities and various geological 
horizons, has been a long1 and laborious undertaking, attended with 
much hardship, and often with danger, but not without the pleasure 
that exploration in uew fields brings to its votaries. These researches, 
especially in the West, have been continued by the writer more than a 
score of years, and have led him across the Eocky Mountains a still 
greater number of tunes. The field work thus prosecuted has been of 
great service in the subsequent study of the specimens secured, espe­ 
cially in determining the natural position in life of each animal 
investigated.

In comparing the type specimens of these various animals, one with 
another, as they were found and as they appeared when removed from 
the vesture of their entombment, many questions have suggested them­ 
selves that can not be answered in the present limited paper. Resem­ 
blances and diiferences are striking, both m structure and form, in these 
ancient reptiles, but the true meaning of such features is a difficult 
problem to solve. Oil the interpretation of characters thus exhibited in 
these animals depend both tbe laws of their classification and theories 
of their origin.

COMPARISON OF CHARACTERS

Iii the concluding part of the present j)aper a number of plates 
(LXXVI-LXXXI) have been given with a view to illustrate especially 
the corresponding parts of various animals of different orders, show­ 
ing the wide divergence in some points of nearly allied forms, and the 
approach in particular features of types clearly distinct.

In PI. LXXVI four skulls of as many typical genera of herbivorous 
dinosaurs (Triceratops, Claosaurus, Camptosaurus, and Diplodocus) 
are represented) with a east of the brain cavity of each in position. 
All are so drawn that they can be readily compared, thus exhibiting m 
n striking manner both the diminutive size of the brain 111 each in pro­ 
portion to that of the skull, and also the form of the brain cavity, when 
seen from above. In the next plate (LXXVII) the brain casts alone of 
several dinosaurs, as seen from the side, are exhibited, and with tbem 
for comparison the' corresponding cast of a young' alligator. The spe­ 
cial features of the dinosaur braiu are well shown m these two plates.

PI. LXXVIII will make clear the wide divergence of forms of teeth 
in four different families of predentate dinosaurs. The typical genera,
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Cainptosaurus, Claosaurus, Stegosaurus, aud Triceratops, each have 
teeth of ii distinct type, yet it seems possible to trace the gradation of 
one to the other through different intermediate forms. In Triceratops 
the teeth have two distinct roots, a feature unknown m any other rep­ 
tiles, living or extinct, but characteristic of mammals.

The series of pubic bones of herbivorous dinosaurs shown on PI. 
LXXIX is especially instructive, as they indicate how the anterior and 
posterior elements of the pubis may vary in the Predeutata, and thus 
afford good characters for classification. The same is true, but iu a 
less degree, of the ischia represented on PI. LXXX, which all pertain 
to one group of dinosaurs. The comparison may even be carried much 
further, as in the two other orders (the Theropoda and Sauropoda) 
some families have ischia of the type here represented, as shown on 
Pis. XXVIII and XXXV.

The pelves represented on PI. LXXXI, pertaining to the three pre- 
dentate genera, Cainptosaurus, Triceratops, and Stegosaurus, will sup­ 
plement the facts presented on the two preceding plates. The series 
might be much farther extended, and prove equally instructive. This 
will be done by the wnter in the monographs now in preparation, as in 
these the whole subject of dmosauriaii reptiles will receive careful con­ 
sideration.

RESTORATIONS OF EUROPEAN DINOSAURS.

The remaining- restorations of dinosaurs in this paper are four in 
number, and represent some of the best-known European forms, types 
of the genera Coinpsognathus, Scehdosaurus, Hypsilophodon, and 
Iguanodon. These outline restorations have been prepared by the 
writer mamly for comparison with the corresponding American forms, 
but iu part to insure, so far as the present opportunity will allow, a 
more comprehensive review of the whole group. The specimens restoied 
are all of great interest in themselves, and of special importance when 
compared with their nearest American allies.

OOB1PSOGNATHUS. 

Pi A i E LXXXII.

The first restoration, that of Compsognathus longipes Wagner, 1861, 
shown one-fourth natural size ou PI. LXXXII, is believed to repre­ 
sent fairly well the general form aud natural position, when alive, of 
this diminutive carnivorous dinosaur that lived during- the Jurassic 
period. The basis for this restoration is (1) a careful study of the type 
specimen ife,elf, made by the writer in Munich in 1881; (2) an accurate 
cast of this specimen, sent to him by Professor vou Zittel; and (3) a 
careful drawing of the original, made by Krapf in 1887. The original 
description and figure of Wagner (Bavarian Academy of Sciences, 1861), 
and those of later authors, have also been used for some of the details.
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Kb restoration of the skeleton of this unique dinosaur has hitherto 
been attempted. 1

Compsognathus has been studied by so many anatomists of repute 
since its discovery that any attempt to restore the skeleton to a natural 
position will be scrutinized from various points of view. Interest m 
this unique specimen led the writer long ago to examine it with care, 
and he has since made a minute study of it, as related elsewhere, not 
merely to ascertain its anatomy, but also to learn, if possible, what its 
relations are to another diminutive form, Hallopus, from a lower hori­ 
zon in America, which has been asserted to be a near ally. Both are 
carnivorous dinosaurs, probably, but certainly on quite different lines 
of descent.

The only previous attempt to restore this remarkable dinosaur was 
by Huxley when in America m 187C. He made a rapid sketch from the 
Wagner figure, and this was enlarged for his Nevr York lecture. This 
sketch represents the animal sitting down, a position which such dmo- 
saurs occasionally assumed, as shown by the footprints in the Connect­ 
icut Valley, which Huxley examined m place at several localities with 
great interest.

In the present restoration of Compsognathns (PI. LXXXII) the 
writer has tried to represent the animal as walking in a characteristic 
lifelike position.

SCELIDOSAUEUS. 

PLATE LXXXIII.

The second of these restorations is that of Swlidosaurus Harrisonii 
of Owen, shown one-eighteenth natural size on PI. LXXXIII. This 
reptile was an herbivorous dinosaur of moderate size, related to Stego- 
saurus, and was its predecessdr from a lower geological horizon in 
England. This restoration is essentially based upon the original 
description and figures of Owen (Palacoutographical Society, 1861). 
These have been supplemented by the writer's own notes and sketches, 
made during examinations of the type specimen now m the British 
Mnseurn.

Scelidosaurns is a near relative, as it were, of one of the American 
forms, Stegosaurns, now represented by so many specimens that the 
skull, skeleton, and dermal armor are known with much certainty. 
The English form usually called Omosaurus is still more nearly allied 
to Stegosaurns, peihaps identical with it. 2

A restoration of the skeleton of Scelidosaurns by Dr. Henry Wood­ 
ward will be found m the British Museum Guide to Geology and 
Palaeontology, 1890, p. 19. The missing parts are restored from Iguano- 
don, and the animal is represented as bipedal, as in that genus.

1 The remains of the embryo within the skeleton of Compsognathug, first detected by tlie writer 
m 1881 while examining the type specimen, is not represented in the presentrestoratiun This unique 
fossil affords the only conclusive evidence that dinosaurs were viviparous

a The generic name Omos.uirus was preoccupied by Loidy in 1856
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In the present outline restoration of Scclidosaurns the writer has 
endeavored merely to place on record his idea of the form and position 
of the skeleton when the animal was alive, based on the remains he 
has himself examined. In case of doubt, as, for example, in regard to 
the front of the skull, which is wanting m the type specimen, a dotted 
outline is used, based on the nearest allied form. Of the dermal armor, 
only the row of plates best known is indicated. The position chosen in 
this figure (PI. LXXXIII) is one that would be assumed by the animal 
in walking on nil four feet, and this is believed to have been its natural 
mode of progression.

IIYPSILOPHODON. 

PLATE LXXXIV

The third of these restorations, that of HypsilopUodon Foxii Huxley, 
1870, given in outline one-eighth natural size on PI. LXXXIV, has 
been made with much care, partly from the type specimen, and in part 
from other material mostly now in the British Museum. The figures 
and description by the late Dr. Hulke 1 were of special value, although 
the conclusions of the writer as to the natural position of the animal 
when alive do not coincide with those of his honored friend, who did so 
much to make this genus of dinosaurs, and others, known to science. 
The restoration by Dr. Ilulke represented the animal as quadrupedal.

In the case of Hypsilophodon a number ot specimens are available 
instead of only oue. This makes the problem of its restoration a 
simpler matter than in Scehdosaurus. Moreover, there is in America 
a closely allied form, Laosauius, of which several species are known. 
A btudy of the geuns Laosaurus, and the restoration of one species 
given on PI. LV1I, will clear up several points long in doubt.

Huxley and Hulke both shed much light on this interesting genus, 
Hypsilophodon; indeed, on many of the Dmosauria. The mystery of 
the dinosaunan pelvis, which baffled Cuvier, Mantell, and Owen, was 
mainly solved by them, the ilium and ischium by Huxley, and the pubis 
by Hulke. The more perfect American specimens have demonstrated 
the correctness of nearly all their conclusions.

IGXJANODON. 

PLATE LXXXV

The fourth restoration here given, that of Iguanodon Bernissartensis 
Boulenger, 1881, oue-fortieth natural size, has been made in outline for 
comparison with American forms. It is based mainly on photographs of 
the well-known Belgian specimens, the originals of which the writer has 
studied with considerable care during several visits to Brussels. The 
descriptions and figures of Dollo 2 have also been used in the prepara­ 
tion of this restoration. A few changes only have been introduced in

1 Philosophical Transaotioiis,1882 2 Bulletin Eoyal Museum of Belgium, 1882-88
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the accompanying plate, based mainly upon a study of the original 
specimens.

Besides the four genera here represented, no other European dinosaurs 
at present known are sufficiently well preserved to admit of accurate 
restorations of tlie skeleton. This is true, moreover, of the dinosaurian 
remains from other parts of the world outside of Xorth America.

AFFINITIES OF DINOSAURS.

The extinct reptiles known as dinosaurs were for a long time 
regarded as a peculiar order, having, indeed, certain relations to 
birds, but without being closely allied to any of the groups of known 
reptiles. Megalosaurus and Iguanodon, the first dinosaurian genera 
described, were justly considered as representing two distinct families, 
one including the carnivores, and the other the herbivorous forms.

With the discovery and investigation of Cardiodon (Cetiosaurus) and 
its allies in Europe, and especially of the gigantic forms with similar 
characters in America, it became evident that these reptiles could not 
be placed in the same families with Megalosaurns or Iguauodon, but 
constituted a well-marked group by themselves. It was this new order, 
the Sauropoda, as the writer has named them, that first showed definite

FIG. 56. Restoration of Aetoxaurus ferratus Fraas; with dermal armor of the limbs removed. One- 
eighth natural size.

characters allying them with other known groups of reptiles. In 1878 
he pointed out that the Sauropoda were the least specialized of the 
dinosaurs, and gave a list of characters in which they showed such an 
approach to the Mesozoic crocodiles as to suggest a common ancestry
at no very remote period. 1

«
AFFINITIES WITH AETOSATJRIA.

  Again, in 1884, the writer called attention to the same point, and 
also to the relationship of dinosaurs with the Aetosauria, as he has 
named them, a group of small reptiles from the Triassic of Germany 
showing strong affinities with crocodilians.2 A restoration of one of 
these small animals is shown in fig. ;">6. In the same communication 
he compared with dinosaurs another allied group, the Hallopoda, which 
he described from the lower Jurassic of America, but had not then fully 
investigated. Subsequent researches proved the latter group to be of 
the first importance in estimating the affinities of dinosaurs, and in 
figs. 59 and 60 are restorations of the fore and hind limbs of the type 
species (Hallopus victor).

1 American Journal of Science, Vol. XVI, p. 412, November, 1878.
2 Report British Association, Montreal Meeting, 1884, p. 765.



232 DINOSAURS OF NORTH AMERICA.

AFFINITIES WITH BELODONTIA.

Another group of extinct reptiles, which may be termed the Belo- 
dontia, were considered iii the same paper as allies of the Dinosanria. 
They arc known from the Trias of Europe and America, and the type 
genus, Belodon, has been investigated by many anatomists, who all 
appear to have regarded it as a crocodilian, an opinion that in the 
light of our present knowledge may fairly be questioned.

FIG. 57. Diagram of left hind limb of Alligator missiisippiensw Gray; seen from the left; iii position 
for comparison witb dinosaurs. One-fourth natural size. 

FIG. 58. Diagram of left hind hmli of Aetosaurusferratus; in same position. One-half natural size.

AFFINITIES WITH CKOCODIL1A.

The relations of these various groups to the true crocodiles on the 
one hand and to dinosaurs on the other is much too broad a subject to 
be introduced here, but attention may at least be called to some points 
of resemblance between the dinosaurs and these supposed crocodilian 
forms that seem to indicate genetic affinities.
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If some of the characteristic parts of the skeletons of these groups 
are compared, e. g., of the true Crocodilia as existing to-day, the Belo- 
doiitia, the Aetosauria, and the Hallopoda. and all with the correspond­ 
ing portions of the more typical dinosaurs, the result may indicate in 
some measure the relationship between them. Taking first the pelvis 
and hind limb, as being especially characteristic, it will be seen in

61

FIG. 59. Diagram of left fore limb of Eallopus victor Marsh; seen from the left. 
FIG. 60. Diagram of left hind limb of same individual. Both figures are one-half natural size. 
FIG. 61. Left \\\n&\egof Laosanrus censors Marsh; outside view. One-sixth natural size. 
«, astragalus; c, calcaneum; /.femur;/', fibula; il, ilium- is, ischium; p, pubis; p', postpubis; 

t, tibia; I, IY,V, first, fourth, and fifth digits.

the existing alligator, as represented in fig. .57, that the pubic bone is 
excluded from the acetabulum, articulating with the ischium only, and 
not at all with the ilium. The calcaneum, moreover, has a posterior 
extension. In Aetosaurus, as shown in fig. 58, the pubic bone forms 
part of the acetabulum, as in dinosaurs and birds, and this is a note-



234 DINOSAURS OP NORTH AMERICA.

worthy difference from all the existing crocodiles. The hind foot, how­ 
ever, is of the crocodilian type, with the calcaneum showing a posterior 
projection.

In Belodon, only the pelvis of which is here represented (fig. 62), 
the pubis contributes a very important part to the formation of the 
acetabulum, and to the entire pelvic arch. The latter differs from the 
pelvis of a typical dinosaur mainly in the absence of an open acetabu­ 
lum, but a moderate enlargement of the fontanelle at the junction of 
the three pelvic elements would practically remove this difference. A 
more erect position of the limb, leading to a more distinct head on the 
femur, might possibly bring about such a result. The feet and limbs 
of Belodon are crocodilian in type.

Bearing these facts in mind, the diagram reprebenting the restored 
fore and hind limbs of the diminutive Hallo^us (figs. 59-60) shows first

FIG. 62. Diagram of pelvis of Bdodan Kapffi von Meyer; seen from the left. One-fourth natural 
size. 

a, acetabular surface within dotted line; il, ilium; is, ischium; pt pubis.

of all the true dinosaurian pelvis, with the pubic bone taking part 
in the open acetabulum, and forming an important and distinctive 
element of the pelvic arch. The delicate posterior limb and foot, 
evidently adapted mainly for leaping, as the generic name suggests, 
are quite unique among the Eeptilia, but the tarsus, especially the 
calcaneum, recalls strongly the same region in the orders already 
passed in review. '

Just what this posterior extension of the calcaneum signifies in this 
case it is difficult to decide from the evidence now known. It may be 
merely an adaptive character, as Hallopus appears in nearly every 
other respect to be a true carnivorous dinosaur. It may, however, be 
an inheritance from a crocodilian ancestry, preserved by a peculiar 
mode of life. Whatever its origin may have been, it was certainly,



MAHSH.] PLATEOSAURID^E. 235

during the life of the, animal, an essential part of the remarkable leap­ 
ing foot to which it belonged, and in which it has since kept its posi­ 
tion undisturbed. The presence of such au element in the foot of this 
diminutive dinosaur certainly suggests that the group Hallopoda, 
which the writer has here considered a suborder, stands somewhat apart 
from the typical Theropoda, but not far enough away to be excluded 
from the subclass Dinosauria, as defined in the present paper. 

The genus Plateosaurus (Zanclodou), which is from essentially the

FIG. 63. Pelvis of Morosaurus lentus Marsh; seen from the left. One-eighth natural size. 
a, aeetaLular opening; other letters as in fig. 62.

same geological horizon in Germany as Aetosaurus and Belodou, is one 
of the oldest true dinosaurs known, and a typical member of the order 
Theropoda. In the pelvic arch of this reptile the ilium and ischinm are 
in type quite characteristic of the group to which it belongs, but the 
pubic elements are unique. They consist of a pair of broad, thin 
plates united together so as to form au apron-like shield in front, quite 
unlike anything known in other dinosaurs. The wide pubic bones of 
Belodou, and the corresponding plates in some of the Sauropoda (Moro- 
saurus, fig. 63), indicate that this feature of the reptilian pelvis may
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have been derived from some common ancestor of a generalized primi­ 
tive type. The known transformations of this «ame pelvic element in 
one other order of dinosaurs (the Predentata) show that the modifica­ 
tions here suggested are well within the limits of probability. The hind 
liiub of one ge.uus of this order is shown in fig. Cl (p. 233).

G4
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FIG. 64- Pelvis of Ceratosaurusnasicornis Marsh; seen from the left. One-twelfth natural size.
Letters as in fig. 63.

FIG. 65. United metatarsal bones of Ceratosaurus nasicornis; left foot; front view. One-fourth 
natural size.

FIG. C6, United metatarsal bones of great penguin (Aptenodytes Fennantii G-R. Gr.); left foot; 
front view. Natural size-
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The skulls of Aetosaurus and Belodou both show features character­ 
istic of some of the dinosaurs, especially of the Sauropoda, but these 
features need not be di&cussecl here.

AFFINITIES WITH BIRDS.

The relation of dinosaurs to birds, a subject of importance, must 
also be postponed for another occasion. One point, however, may be 
mentioned in this connection. The pelvic bones of all known birds, 
living and extinct, except the genus Arclueopteryx, are coossified, 
while in all the known dinosaurs they are separate, excepting Cerato- 
saurus (fig. C4) and Ornithommms. Again, all known adult birds, liv­ 
ing and extinct, with possibly the single exception of Archfwopte.ryx, 
have the metatarsal bones firmly united (fig. 6C), while all the Dmo- 
sauria, except Cei atosaurus (fig. 05), have these bones separate. The 
exception in each case brings the two classes near together at this point, 
and their close affinity is thus rendered more than piobable.

These few facts will throw some light on the affinities of the reptiles 
known as the Dmosauria. The problem is certainly one of much diffi­ 
culty, and the writer hopes soon to discuss it more fully elsewhere.

PART V. 

CLASSIFICATION OF DIKOSAURIA.

In the present review of the dinosaurs the writer has confined him­ 
self mainly to the type specimens which he has described, but has 
included with them other important remains where these were available 
for investigation. The extensive collections in the museum of Yale 
University contain so many of the important type specimens now known 
from America that they alone furnish an admirable basis for classifi­ 
cation, aud it was mainly upon these that he first established the pres­ 
ent system, which has since been found to hold equally good for the 
dinosaurs discovered elsewhere. In the further study of these reptiles 
it was also necessary to examine both the European forms aud those 
from other parts of the world, aud he has now studied nearly every 
known specimen of importance. These investigations have enabled 
him to make this classification more complete, and to bring it down to 
the present time.

Many attempts have been made to classify th« dinosaurs, the first 
being that of Hermann vou Meyer in 1830. The name Dmosauria, 
pioposed for the group by Owen in 1839, has been generally accepted, 
although not without opposition. Ha^ckel, Cope, and Huxley followed, 
the last in 1809 proposing the name Ornithoscelida for the order, and 
giving an admirable synopsis ot what was then known of these strange 
reptiles and their affinities. Since then, Hulke, Seeley, Lydekker, 
Gaudry, Dollo, Baur, and others have added much to our knowledge 
of these interesting animals.
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The remarkable discoveries in North America, however, have changed 
the whole subject, and in place of fragmentary specimens many entire 
skeletons of dmosaurian reptiles have been biought to light, and thus 
definite information has replaced uncertainty and rendered a compre­ 
hensive classification for the first time possible.

The system of classification first proposed by the writer in 1881 has 
been very generally approved, but a few modifications have been sug­ 
gested by others that will doubtless be adopted. This will hardly be 
the case with several ladical changes recently advocated, based mainly 
upon certain theories of the origin of dinosaurs. At present these 
theories are not supported by a sufficient number of tacts to entitle 
them to the serious consideration of those who have made a careful 
study of these reptiles, especially the wonderful variety of forms recently 
made known from America.

Further discoveries may in time solve the pioblem of the origin of 
all the reptiles now called dinosaurs, but the arguments hitherto 
advanced against their being a natural group arc far from conclusive. 
The idea that the Dniosauria belong" to two or more distinct groups, 
each of independent origin, can at present only claim equal probability 
with a similar suggestion recently made in regard to mammals. This 
subject of the origin of the dinosaurs and the relation of their divi­ 
sions to each other will be more fully treated by the writer elsewhere.

A classification of any series of extinct animals is of necessity, as the 
writer lias previously said, merely a temporary convenience, like the 
bookshelves in a hbraiy, for the arrangement of present knowledge. 
In view of this fact and of the very limited information in regard to so 
many dinosaurs known only from fragmentary remains, it will suffice 
for the present, or until further evidence is forthcoming, to still con­ 
sider the Diuosauria as a subclass of the great group of Reptilia.

Eegardmg, then, the dinosaurs as a subclass of the Eeptilia, the forms 
best known at present may be classified as follows  

Subclass DINOSATJRIA Owen.

Premaxillary bones separate; upper and lower temporal arches; no 
teeth on palate; raini of lower jaw united m front by cartilage only. 
Neural arches of vertebne joined to centra by suture; cervical and 
thoracic ribs double headed; ribs without uncmate processes; sacral 
vertebras united; caudal vertebrae numerous; chevrons articulated 
intcrvertebrally. Scapula elongate; no precoracoid; clavicles wanting. 
Ilium prolonged iu front of the acetabuluin; acetabulum formed in part 
by pubis; ischia meet distally on median hue. Fore and hind limbs 
present, the latter ambulatory, and larger than those m front; head of 
femur at right angles to coudyles; tibia with proeuemial crest; fibula 
complete; first row of tarsals composed of astragalus and calcaueuin 
only, which together form the upper portion of ankle joint; reduction 
in number of digits begins with the fifth.
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Order THEROPODA (Beast foot). Carnivorous.

Skull with external narial openings lateral; large antorbital vacuity; 
brain case incompletely ossified; no pmeal foramen; premaxillanes with 
teeth; no predentary bone; dentary without coronoid process; teeth 
with smooth compressed crowns and crenulated edges. Vertebra more 
or less cavernous; posterior trunk vertebrse united by diplosphenal 
articulation. Neural canal 111 sacrum of moderate size. Each sacral rib 
supported by two vertebral; diapophyses distinct from sacral i ibs. Ster­ 
num uriossified. Pubes projecting- downward, and united distally; no 
postpubis. Fore limbs small: limb bones hollow; a&tragalus closely 
applied to tibia; feet digitigrade; digits with prehensile claws; locomo­ 
tion mainly bipedal.

(1) Family Mcgalosauridoj. Lower jaws with teeth in fiout. Anterior 
vertcbne convexo-concave; remaining vertebra; biconcave; five sacral 
vertebriB. Abdominal ribs. Ilium, expanded in front of acctabulum; 
pubes slender, and distally coossitted Femur longer than tibia; astrag 
alus with ascending process; five digits in manus and four in pes.

Genus Megalosaurus (Poikilopleuron). Jurassic arid Cretaceous. 
Known forms, European.

(2) Family Dryptosauridse. Lower jawh with teeth in front. Cervi­ 
cal vertebne opistliocielian; remaining vertebras biconcave, sacral ver­ 
tebra} less than five. Ilium expanded m front of acetabulum; distal ends 
of pubes coossified and much expanded; an interpubic bone. Femur 
longer than tibia; astragalus with ascending process; fore limbs very 
small, with compressed prehensile claws. (Pis. X-XII.)

Genera Dryptosaurus (Lselaps), Allosaurus, Coalosaurus, Creosaurus. 
Jurassic and Cretaceous. All from North America.

(3) Family Labrosaundse. Lower jaws edentulous in front. Cervi­ 
cal and dorsal vertebrae convexo-concave; centra cavernous or hollow. 
Pubes robust, with anterior margins united; an interpubic bone. Femur 
longer thau tibia; astragalus with ascending process. (PI. XIII.)

Genus Labrosanrus. Jurassic, North America.
(4) Family Plateosaundie (ZanclodontuUe). Vertebrae biconcave; 

two sacral vertebrae. Ilium expanded behind acetabulum; pubes 
broad, elongate plates, with anterior margins united; no interpubic 
bone; ischia united at distal ends. Femur longer than tibia; astrag­ 
alus without ascending process; five digits in manus and pes.

Genera Plateosaurus (Zanclodon), Teratosaurus (*?), Dimodosaurus. 
Triassic. Known forms, European.

(5) Family Anchisauridie. Sk'ull light in structure, with recurved, 
cutting teeth. Yertebrie plane or biconcave. Bones hollow. Ilium 
expanded behind acetabulum; pubes rod-like and not coossified dis­ 
tally ; no mterpubic bone. Fore limbs well developed; femur longer 
than tibia; astragalus without ascending process; live digits in manus 
and in pes. (Pis. II-IV.)

Genera Auchisaurus (Megadactylus), Ammosaurus, Arctosaurus ( 1),
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Bathyguathus, and Olepsysaurus, in North America,'' and in Europe, 
Paloeosaurus. Thet-odontosaurus. All known forms, Triassic.

Suborder CiELURiA (Hollow tail).

(G) Family Cudundie. Teeth much compressed. Vertebrae and bones 
of skeleton very hollow or pneumatic; neural canal much expanded; 
anterior cervical vertebne convexo-concave; remaining vertebra*/ bicon­ 
cave; anterior cervical ribs coossified with vertebra;; pubes slender 
and distally coossifled; an interpubic bouc. Femur shorter than tibia; 
metatarsals veiy long and slender. (PL VII )

Genera Ccolurus in North America, and Aristosuchus in Europe. 
Jurassic.

Suborder COMPSOGNATHA.

(7) Family Compsognathidie. Skull elongate, with slender jaws and 
pointed teeth. Cervical vertebne convexo-concave, with free nbs; 
remaining vertebras biconcave. Ischia with long syinphysis on median 
line. Bones very hollow; femur shorter than tibia; astiagalus with 
long ascending process; three functional digits in manus and m pes. 
(PI. LXXX1L)

Genus Oom])&ognathns. Jurassic. Only known specimen, European,

Suborder CERATOSATJRIA (Horned saunans),

(8) Family Ceratosauridie. Horn on skull; teeth large and trenchant. 
Cervical vertebra; plano-concave; remaining vertebne biconcave. Ribs 
free. Pelvic bones coossifled; ilium expanded in front of acetabulnin; 
pubes slender; an interpubic bone; sacral vertebra- five; ischia slender, 
with distal ends coossifled. Limb bones hollow; mauus with four digits; 
femur longer than tibia; astragalus with ascending process; metatar­ 
sals coossified; three digits only 111 pes. Osseous dermal plates. (Pis.
vin-x, xiv.)

Genus Ceratosaurus. Jiu assic, North America.
(9) Family Ornithoirninidai. Pelvic bones coossifled with each other 

and with sacrum; ilium expanded m front of acetabulum. Limb bones 
very hollow; fore limbs very small; digits with very long, pointed 
claws; hind limbs of true avian type; fetnur longer than tibia; astrag­ 
alus with long ascending process; feet with three functional digits, 
digitigrade and unguiculate. (PI. LVIII.)

Genus Oriuthomnnus. Cretaceous, North America.

Suborder HALLOPODA (Leaping foot).

(10) Family Hallopidaj. Vertebne and limb bones hollow; vertebr;e 
biconcave; two vertebne m sacrum. Acetabulum formed by ilium, 
pubis, and ischinm; pubes rod-like, projecting downwaid, but not coos­ 
sifled distally; nopostpubis; ischia with distal ends expanded, meeting 
below on median line. Fore limbs very small, with four digits m
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mauus; femur shorter than, tibia; hind limbs very long, with three 
functional digits in pes, and inetatarsals greatly elongated; astragalus 
without ascending process; calcaueum much produced backward; feet 
digitigrade, uuguiculate. (PI. VI.)

Genus Hallopus. Jurassic, North America.

Order SATJEOPODA (Lizard foot). Herbivorous.

External nitres at apex of skull; premaxillary bones with teeth; 
teeth with rugose crowns more or less spoon-shaped; large autorbital 
openings; no pineal foramen; alisphenoid bones; brain case ossified; no 
columellse; postoccipital bones; no predentary bone; dentary without 
coronoid process. Cervical ribs coossified with vertebra}; anterior ver­ 
tebrae opisthocosliau, with neural spines bifid; posterior trunk vertebrae 
united by diplospheual articulation; presacral vertebrae hollow; each 
sacral vertebra supports it own transverse process, or sacral rib; no 
diapophyses on sacral vertebne; neural canal much expanded m 
sacrum; first caudal vertebra} prococlian. Sternal bones parial; ster­ 
nal ribs ossified. Ilium expanded in front of acetabulum; pubes pro­ 
jecting in front, aud united distally by cartilage; no postpubis. Limb 
bones solid; fore aud hind limbs nearly equal; inetacarpals longer than 
metatarsals; femur longer than tibia; astragalus not fitted to end of 
tibia; feet plantigrade, ungulate; five digits m manus aud pes; second 
row of carpal and tarsal bones unossified; locomotion quadrupedal.

(1) Family Atlautosauridie. A pituitary canal; large fossa for nasal 
gland. Distal end of scapula not expanded. Sacrum hollow, ischia 
directed downward, with expanded extremities meeting on median 
line. Anterior caudal vertebra with lateral cavities; remaining cau- 
dals solid. (Pis. XV-XXIV, and XLII.)

Genera Atlantosaurus, Apatosaurus, Barosaurus, Broiitosaurus. 
Include the largest known land animals. Jurassic, North America.

(2) Family Diplodonidae. External nares superior; no depression 
for nasal gland; two antorbital openings; large pituitary fossa; denti­ 
tion weak, aud in front of jaws only; brain inclined backward; dentary 
bone narrow 111 front. Ischia with shaft not expanded distally, directed 
downward and backward, with sides meeting on median lines. Sacrum 
hollow, with three vertebra}. Caudal vertebra} deeply excavated below; 
chevrons with both anterior aud posterior branches. (Pis. XXV- 
XXIX.)

Genus Diplodocus. Jurassic, North America.
(3) Family Morosauridaj. External nares lateral; large fossa for 

uasal gland; small pituitary fossa; dentary bone massive in front; 
teeth very large. Shaft of scapula expanded at distal end. Sacral ver 
tebne four in number, and nearly solid; ischia slender, with twisted 
shaft directed backward, and sides meeting on median line. Anterior 
caudals solid. (Pis. XXIX-XXXVIII.)

Geuera Morosanrus, Camarasaurus ( 1) (Arnphiccelias). Jurassic, 
North America.

1(5 GEOL, PT 1  16
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(4) Family Pleurocoelidae. Dentition weak; teeth resembling those 
of Diplodocus. Cervical vertebrae elongated; centrum hollow, with 
large lateral openings; sacral vertebrae solid, with lateral depressions 
in centra; caudal vertebrae solid; anterior caudals with flat articular 
faces and transversely compressed neural spines; middle caudal verte­ 
bras with neural arch on front half of centrum. Ischia with compressed 
distal ends, meeting on median line. (Pis. XL and XLI.)

Genera Pleurocoelus, Astrodon (?). Potomac, North America.
(5) Family Titanosauridae. Pore limbs elongate; coracoid quadri­ 

lateral. Presacral vertebrae opisthocoelian; first caudal vertebra bicon­ 
vex; remaining caudals procoelian; chevrons open above.

Genera Titanosaurus and Argyrosaurus. Cretaceous (?), India and 
Patagonia.

(C) Family Cardiodontidse. Teeth of moderate size. Upper end of 
scapula expanded; humerus elongate; fore limbs near equaling hind 
limbs in length. Sacrum solid; ischia with wide distal ends meeting 
ou median line. Caudal vertebrae biconcave.

Genera Cardiodon (Cetiosaurus), Bothriospondylus, Ornithopsis, and 
Pelorosaurus. European, and probably all Jurassic. l

Order PREDENTATA. Herbivorous.

Kanal opening lateral; no antorbital foramen; brain case ossified; 
supraorbital bones; teeth with sculptured crowns; maxillary teeth with 
crowns grooved on outside; lower teeth with grooves on inside of crown; 
a predentary bone; dentary with coronoid process. Cervical ribs articu- 
latm g with vertebrae; each sacral rib supported by two vertebrae. Ilium 
elongated in front of acetabulum; prepubic bones free in front; post- 
pubic bones present; ischia slender, directed backward, with distal 
ends meeting side to side. Astragalus without ascending process.

Suborder STEGOSATJRIA (Plated lizard).

Skull without horns; no teeth in premaxillaries; teeth with distinct 
compressed crowns and serrated edges. Yertebrsp, and limb bones 
solid. Pubes projecting free in front; postpubis present. Fore limbs 
small; femur longer than tibia; feet plantigrade, ungulate; five 
digits in mauus and four in pcs; second row of carpals and tarsals 
unossified; locomotion mainly quadrupedal. Osseous dermal armor.

(1) Family Stegosauridae. Vertebrae biconcave. Neural canal in 
sacrum expanded into large chamber; ischia directed backward, with 
sides meeting on median line. Dorsal ribs T-shaped in cross section. 
Astragalus coossified with tibia; metapodials very short. Back sur­ 
mounted by a ciest of vertical plates; tail armed with large spines. 
(Pis. XLIII-LII.)

Genera Stegosaurus (Hypsirhophus), Diracodon, Palaeoscincus, Pri- 
conodon, all from North America; and in Europe, Omosaurus, Owen. 
Jurassic and Cretaceous.

1 The W^ealden 18 here regarded as upper Jurassic, and not Cretaceous Sec Ameiicaii Journal of 
Science, Vol L, p 412, November, 1895
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(2) Family Scelidosauridse. Neural canal narrow; diapophyses of 
dorsal vertebrae supporting head aud tubercle of ribs. Astragalus not 
coossified with tibia; metatarsals elongated; three functional digits in 
pes.

Genera Scelidosaurus, Acanthopholis, Hylaeosaurus, Polacanthus. 
Jurassic and Cretaceous. Known forms, all European. (PL LXXXIII.)

(3) Family ISTodosauridse. Heavy dermal armor. Bones solid. Fore 
limbs large; five digits in manus; feet ungulate. 

Genns Nodosaurus. Cretaceous, North America.

Suborder CEE.ATOPSIA (Horned face).

Premaxillaries edentulous; teeth with, two distinct roots; skull sur­ 
mounted by massive horn cores; a rostral bone, forming a sharp, cutting 
beak; expanded parietal crest, with marginal armature; a pineal fora­ 
men (1). Vertebras and limb bones solid; fore limbs large; femur longer 
than tibia; feet ungulate; locomotion quadrupedal. Dermal armor.

(4) Family Ceratopsidse. Anterior cervical vertebrse coossified with 
each other; posterior dorsal vertebrse supporting on the diapophysis 
both the head and tubercle of the rib; lumbar vertebrae wanting; 
sacral vertebras with both diapophyses aud ribs. Nenral canal in sacrum 
without marked enlargement. Pubes projecting in front, with distal end 
expanded; postpubic bone rudimentary or wanting. (Pis. LIX-LXXI.)

G-euera Ceratops,' Agathanmas, Monoclonins, Polyonax, Sterrholo- 
phus, Torosanrus, Triceratops, in North America; and m Europe, Stru- 
thiosaurns (Cratseomns). All are Cretaceous.

Suborder OE.NITHOPODA (Bird foot).

Skull without horns; premaxillanes edentulous in front. Vertebrae 
solid. Fore limbs small. Pubes projecting free in front; postpubis 
present. Astragalus closely fitting to end of tibia; feet digitigrade; 
three to five functional digits in manus and three to four in pes; loco­ 
motion mainly bipedal. No dermal armor.

(5) Family Gamptosauridse (Camptonotidae). Premaxillaries edentu­ 
lous; teeth in single row; a supraorbital fossa. Anterior vertebrae 
oyisthocoelian; sacral vertebrse five, not coossified, with peg-and-notch 
articulation. Sternum unossified. Limb bones hollow; fore limbs 
small; five digits in manus. Postpubis reaching to the distal end of 
ischium. Femur longer than tibia, and with pendent fourth trochan- 
ter; hind feet with three functional digits. (Pis. LIII-LVI.)

Genus Camptosaurus (Camptonotus). Jurassic, North America.
(6) Family Laosauridse. Premaxillaries edentulous; teeth in single 

row. Anterior vertebrse with plane articular faces; sacral vertebrae 
coossified. Sternum unossified. Postpubis reaching to distal end of 
ischium. Limb and foot bones hollow; fore limbs very small; five digits 
in manus; femur shorter than tibia; metatarsals elongate; four digits 
in pes. (Pis. LV and LVII.)
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Genera Laosaurus and Dryosaurus. Jurassic, North America.
(7) Family Hypsilopliodontidae. Premaxillaries with teeth; teeth in 

single row; sclerotic bony plates. Anterior vertebra opisthocffiliau; 
sacral vertebrae coossified. Sternum ossified. Postpubis extending to 
end of iscbium. Limb bones hollow; five digits in manus; femur 
shorter than tibia; hind feet with four digits. (PL LXXXIV.)

Genus Hypsilophodon. Wealden, England.
(8) Family Iguanodontidse. Premaxillaries edentulous; teeth in sin­ 

gle row. Anterior vertebrae opisthoccelian. Manus with five digits; 
pollex spine-like. Sternal bones ossified. Postpubis incomplete. 
Femur longer than tibia; three functional digits in pes. (PI. LXXXY.)

Genera Iguanodon, Vectisaurus. Jurassic and Cretaceous. Known 
forms, all European.

(9) Family Trachodontidaj (Hadrosauridse). Premaxillaries edentu­ 
lous; teeth in several rows, forming with use a tessellated grinding 
surface. Cervical vertebrae opisthoccelian. Limb bones hollow; fore 
limbs small; femur longer than tibia.

Genera Trachodon (Hadrosaurus, Diclonius), Cionodon, and Orni- 
thotarsus. Cretaceous, North America.

(10) Family Claosauridae. Premaxillaries edentulous; teeth in sev­ 
eral rows, but a single row only in use. Cervical vertebrae opisthocoe- 
liaii. Limb bones solid; fore limbs small. Sternal bones parial. 
Postpubis incomplete. Sacral vertebra} nine. Femur longer than tibia; 
feet ungulate; three functional digits in manus and pcs. (Pis. LXXII- 
LXXIV.)

Genus Claosaurus. Cretaceous, North America.
(11) Family Nanosauridre. Teeth compressed and pointed, and iu a 

single uniform row. Cervical and dorsal vertebrae short and biconcave; 
sacral vertebra} three. Ilium with very short pointed front and narrow 
posterior end. Limb bones and others very hollow; fore limbs of 
moderate size; humcrus with strong radial crest; femur curved, and 
shorter than tibia; fibula pointed below; metatarsals very long and 
slender. Anterior caudals short.

Genus Nanosaurus. Jurassic, North America. Includes the most 
diminutive of known dinosaurs.

POSTSCRIPT.

The accompanying plates, as well as the figures in the text, are all 
from original drawings made to illustrate the writer's investigations on 
the early vertebrate life of North America. Many of these illustrations 
were designed especially for the monographs on dinosaurian reptiles 
now in preparation for the United States Geological Survey, and are 
here used, Avith the approval of the Director, to give the general reader 
a clear idea of some of the type specimens of one great group of extinct 
animals that were long the dominant forms of life on this continent.

YALE UNIVEKSITY, June 15,1895.
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PLATE II.

TBIASSIC DINOSAURS. THEROPODA.

ANCHISAURIDJE.

Page,
Fi(i 1. Skull of AncJiisaurus colmus Marsh; side view; one-half natural size. 148 

a, u<isal opening; b, antorbital opening; c, lower temporal fossa; d, upper
temporal fossa; o, orbit; q, quadiate

FIG. 2 Bones of left fore leg of same individual; outside view; one-fourth 
natural size .............................................................. 149

c, coracoid; h, hninerus; 1, radius; s, scapula; u, ulna; /, first digit; V,
fifth digit

FIG 3. Bones of left hind leg of same individual, outside view; one-fouith 
naturalsi/e....... ..... ..... ............................................ 149

a, astragalus, c, calcaneum; /, feiuur, /', fibula; if, ilium; is, ischium; }>, 
pubis, t, tibia, 7, first digit; V, nfth digit 
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ANCHISAURUS COLURUS Marsh. 

Triassic.
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PLATE III. 

TBIASSIC DINOSAURS. THEKOPODA.
ANCHISAURID/E.

Page
FIG. 1. Skull of Anchisaurus colurus Marsh; top view; one-half natural size.. 148 
FIG. 2. Base of same skull; back view; one-half natural size.............._.. 148

a, nasal opening; lp, bas pterygoid process; d, upper temporal fossa, /, 
frontal; j, jugal; n, nasal; o, orbit; oc, occipital condyle; p, parietal; 
p', paroccipital process; pf, prefrontal; pm, piemaxillary. 

FIG. 3. Sacrum and ilia of Ammosam-us major Marsh; seen from below; one- 
fourth natural size........................................................ 150

FIG. 4 Isohia of AncJiisaurus polyzelus Hitchcock, sp., seen from above; one- 
half natural size............................................ ............. 150

n, posterior view of distal ends; ac, acotabular surface; il, face for ihum; 
is, face for ischium, p, distal end; pb, face for pubis; s, symphysis; 1, 8, 
S, sacral vertebra;

FIG 5. Left fore foot ot Anchisaurus poli/zelus; back view; one-half natural 
size .................................................................... . 149

c, oentralo, r, radiale; S, radius; U, ulna; /, first digit; V, fifth digit 
FIG. 6 Right hind foot of Ammosaurus major; front view; one-fourth natural

size ................................................................ ..... 150
n, astragalus; c, ralcaneum; F, fibula, T, tibia; t%, 13, U, tarsal bones, /, 

first digit; V, fifth digit. 
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PLATE IV 

IBIA.SSIC DINOSAURS. 

ANCHISAURID/E.

Pago
Restoration oL-AnehAsaurus colurua Marsli ...... ........... ................. 150

One-twelfiJj:natural size 
Connecticut JKiver sandstone, Connecticut. 
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RESTORATION OF ANCHISAURUS COLURUS Marsh. 

One-twelfth natural size. Triassic, Connecticut.
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PLATE V.

TRIASSIC DINOSAURS. FOOTPRINTS.
rage 

FiG.l Footprints of small dinosaui (Aminopus), showing impressions of l>oth
fore and lnnd feet, one-twelfth natural size............................... 151

FIG. 2. Footprints of bipedal dinosaui (Anomocpus); showing where the ani­ 
mal sat down; one-twelfth natuial size .................................. 151

FIG 3. Footprints of largo bipedal dinosaur (Brontozoum), one-twentieth 
natural size............................................................... 151

Fl(r 4 Footprints of laige dinosaur (Otozoum), showing impressions of hind
feet alone, one-twentieth natural size.......................... ... ...... 151

FIG 5 Footprints of bipedal dinosaur; one-twelfth natiual si/e............. 151
The specimens lepresentedm figs 1 1 are from the Connecticut IJiver sand­ 

stone of Massachusetts, and the one shown in fig 5 is fiom neailv tlie 
same horizon m Anzona.
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PLATE VI.

JUBASSIC DINOSATTES.   THEEOPODA.

Page
FIG 1. Outline n storatlon of left fore leg of ffallopua victor Marsli, outer view. 154 
FIG 2. Outline restoiatiou of left liiud leg of same individual, outer view. .. 154 

Both figures are natural size 
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HALLOPUS VICTOR Marsh. 

Jurassic,
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JURASSIC DINOSAURS. THEROPODA.

CtEI.URID E

Page. 
FIG. 1. Tooth of (Murus fraqihs Marsh, twice natural size. ..... .... .... 155

a, outer view; 6, front view, c, inner view 
FIG. 2 Cervical vertebra of Cailunis fragihs, front view . . .... ...... 156

2a, side view; 26, transverse section of same vertebra. 
FIG. 3. Dorsal vertebra of Cailurun fiagihs; iiont view ..... ....... ... 156

3a, side view; 36, transverse section of same 
FIG. 4. Candal vertebra of Cuelurus fiayilm, front view ...... ......... .... 156

4a, side view; 45, transverse section of same
a, anterior end; c, cavity; <?, thapophy&is, j, lateral foramen; nc, neural 

canal; p, posterior end, i, coos»ified nb; s, uoural spine, 2, antenoi 
zygapopkysis; z', posterior zygaj)opbysis. 

All the figures of vertebra; aio natural si/e 
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CCELURUS FRAGILIS Marsh. 

Jurassic.
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PLATE VIII.

JURASSIC DINOSAURS. THEROPODA.

CERATOSAURID^E.
Page. 

FIG. 1 Skull of Ceratoaauruswasicorms Marsh, side view...... .... ......... 157
Fid 2 TUesamo skull, front view ..................... .............. ..... 157
FIG. 3. The same skull, with brain cast, seen from above ...... ........ .... 159

a, nasal opening, ft, horn core; c, antorbital opening; c', cerebral hemi­ 
spheres; d, orbit; «, lower temporal fossa; /, frontal bone; /',foramenin 
lower jaw, h, supratemporal fossa, j, jugal, m, maxillary bone; m', 
medulla, n, nasal bone, oc, occipital condyle; ol, olfactory lobes; pf, 
prefrontalboue, pm, prernaxillary bone, q, qnadrate bone; gj, quadrato- 
jugal bone; t, transverse l>oue 

All the figures are one-sixth natural sue 
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PLATE IX. 

JURASSIC DINOSAURS. THBEOPODA.

CERAIOSAURID/K
Page. 

FIG 1. Atlas of Ceratosaurus nasicornis Marsh....... ............ ........... 159
FIG 2. Axis of same indi vidual.... .... ............. ......... . .. ..... 160
FIG. 3 Third vertebra of same.................. ..................... ..... 160

a, side view; b, front view; o, posterior view; d, top view; e, inferior view. 
FIG 4. Sixth vertebra of same; side view . ... .... ....................... 160
FIG. 5. Dorsal vertebra of same, side view..................... ............ 160
FIG. 6 Fifth caudal vertebra of same, with chevron in natural position , side 

view ................. ...... . ........... .... ......................... 160
All the figures are one-sixth uatural size. 
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PLATE X.

JURASSIC DINOSAURS. THEROPODA.

CERATOSAURIDJS, DRVPTOSAUBID^E, AND CCELURID/E
Page

FIG. 1. Pelvis of Ceratosaurus nastvornis Marsh, side view; seen from the left; 
one-twelfth natural size................ ............... .... ... .... 161

The three pelvic bones are coossified
PIG. 2. Pelvis of Allosaurus fragilis Marsh; the same viexv; one-twelfth nat­ 

ural size..................... ..---....-...--...............-...-.... .. 163
a, acetabulum; il, ilium; is, ischium; p, pubis. 

FIG. 3. Pubes of Ctslurus agihs Marsh; one-fourth natural size .... .......... 156
PIG. 4. The same bones, one-fourth natural size .... . ........ ...... ..... 156

«, side view; b, front view, c, foot, or distal end. 
264



U. S. GEOLOGICAL SURVEY SIXTEENTH ANNUAL REPORT PART I PL. X

CERATOSAURUS. AULOSAURUS, AND CCELURUS. 
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PLATE XL

JURASSIC DINOSAURS. THEROPODA. 
DRYPTOSAURID^E.

Page. 
FIG. 1. Bones of left fore leg of Alloaaurna fragilia Marsh; outer view ........ 163
FIG. 2. Bones of left hind leg of Allosaurus fragihs; outer view ............... 163

Both figures are one-twelfth natural size. 
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PLATE XTI. 

JURASSIC DINOSAURS. THBROPODA.

DRYPTOSAUKID.E
Pago

FIG. 1. Eight premaxillary bone of Creosauius atrox Marsh, one-sixth natural 
size.... .................................. .......... .................. 158

a, front view; 6, lateral view, showing outer side; c, lateral view, showing
inner surface. 

FIG 2. Left ilium of Creosaurus atiox; seen from the left; one-tenth natural
size ...................................... ................................ 161

FIG 3. The same; seen from below; one-tenth natural size .................. 161
a, anterior, or pubic, articulation; 6, posterior, or ischiadic, articulation. 

FIG 4 Pubes of Creosaurus atrox; front view; one-twelfth natural siye...... 163
a, acetabular surface; 6, face lor ilium; c, distal end. 

FIG 5 Lumbar vertebra of Creosaurus atrox; front view; one-sixth natural
size...... ...................................... ................... ..... 160

FIG. 6 The same, side view; seen from the left, one-sixth natural si/ie...... 160
a, anterior articular face; d, diapophysis; p, posterior articular face, s, 

neural spine; z, anterior zygapophysis, z', posterioi zygapophysis. 
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CREOSAURUS ATROX Marsh. 
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PLATE XIII.

JURASSIC DINOSAURS. THEROPODA.

LABROSAIIUD.E.
J'age. 

FIG. 1. Tootli of Labro/iaurus snlcatus MarUi, natural siye..... ..... ........ ]63
a, outer view, 6, back view, c, innor view 

FIG 2 Left deutary bone of Labrosaurut feiox Marsh, superior view....... 163
FIG. 3. The same bone, lateral view, outer side ...... .... ...... .... ..... 163
FIG. 4. The same bone, Literal view; innei side..... ..... .... ......... 163

All three figures are one-bixth natural size 
FIG. 5 Pelvis of Labrosauius fragilis Marsh, been from the left; one-twelfth

natural sue (outline of ilium from Cieosaui us atiox Marsh)..... ... ... .. 163
a, acetabuluui, il, ilium, tb, ischium, p, jiubis 
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PLATE XIV.

JUKASSIC DINOSAUES. THEROPODA.

CBKATOhAUKIDA.

Paga 
Eestoratlon of Ceratosaurus nasicornts Marsh................................. 163

One-thirtieth natuial bize. 
Jurassic, Colorado. 
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PLATE XV.

JURASSIC DINOSAURS. SAUROPOBA.
\

ATLANTOSAURIDJS .

Page 
FIG 1. Back of skull of Atlantoaaurus montanus Marsh....................... 166
Flo 2. The same specimen , inferior view ................................... 166

'bji, basioccipital process; r,', pituitary canal, J, foramen magnum, ft, pos­ 
terior fossa, i, internal carotid foramen; oc, occipital coudyle; p, par- 
occipital process; pr, parietal; s, suture; so, supraoccipital 

Both figures are one-half natural size 
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PLATE XVI.

JURASSIC DINOSAURS. SAUROPODA.

ATLANI OSADRID x.
Page

FIG. 1 Left pubis and ischium of Atlantosaul us imnianti Marsli; outei view, 
one-twentieth natural size ................................................ 166

/, foramen in pubis; is, ischium; p, pubis
FlG. 2 Left femur of Atlantosaurvs immams; inner view; one-sixteenth natu­ 

ral size................................................................... 166
2a, proximal end 

FlG 3. The same bone, front view, one-sixteenth natmal size............... 166
3a; distal end.
c, inner oondyle; c', outer oondyle; /, groove for fibula; h, head, (, tro- 

chanter; /', inner troohanter. 
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PLATE XVII.

JTIKASSIO DINOSAURS. SAUROPODA. 

ATLANTOSAURID^E.

FlG. 1. Sacrum of Atlantosaurus montanus Marsh; seen from below . ......... 166
FIG. 2. Sacrum of jlpatosaurus ajax Marsh, Been from below........... ...... 166

a, first sacral vertebra; 6, transverse process of first vertebra; c, trans­ 
verse process of second vertebra; d, transverse process of third vertebra; 
e, transverse process of fourth vertebra;/,/',/", foramina between trans­ 
verse processes; g, surface for union with ilium; p, last sacral vertebra. 

Both figures are one-tenth natural size. 
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ATLANTOSAURUS AND APATOSAURUS. 

Jurassic.



PLATE XVIII.
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PLATE XVIII 

JURASSIC DINOSAUBS. SATJBOPODA.

ATLANI OSAURIMS .
Page

FIB. 1. Cervical vertebra of Apatosaurus laticollis Marsh; back view; one- 
sixteenth natural size..................................................... 167

FIG. 2. Dorsal vertebra of Apatosaurus ajax Marsh, front view; one-eighth 
natural size....................... ....................................... 167

a, metapophysis; i, ball; c, cup, d, diapophysis, f, lateral foramen; h, 
hatchet bone; n, neural canal; p, parapophysis; z, anterior zygapophy- 
sis; *', posterior zygapophysis.

FIGS 3. Cast of sacral cavity of Apatonaurus ajax, top view; one-fourth nat­ 
ural size.................................................................. 166
f, foramen; v, cast of cavity in first true sacral vertebra; v', cast of cavity 

an second sacral vertebra; v", cast of cavity in third vertebra. 
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APATOSAURUS. 

Jurassic.
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PLATE XIX.

JURASSIC DINOSAURS. SATJBOPODA.

ATLANTOSAURID* AND MOROSAUEIDJS
Page

FIG. 1. Left scapula anil coracoid of Apatosaurus ajax Marsh; side view; one- 
fourteenth natural size................ ................................... 168

FIG 2 Left scapula and coracoid of Morosaurus grandis Marsh, side view,
one-tenth natural size..................................... ............... 182

a, scapular face of glenoid cavity; a', coracoidean part of glduoid cavity; 
i, rugose surface for union with coracoid; /,"foramen in coracoid. 
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APATOSAURUS AND MOROSAURUS 
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PLATE XX.

JUBASSIC DlNOSATTKS. SATJKOPODA.

ATLANTOSAUKID.S;
Page 

FIG. 1. Tooth of Brontosaurus excelsus Marsh; natural size................... 168
a, outer view; 6, posterior view; c, inner view; d, front view 

FIG. 2. Left dentary bone of Brontosaurus excelsus; outer view; one-third 
natural size..1............................................................ 168

a, edentulous margin; 8, symphysis; sr, face for surangular. 
FIG. 3. Sixth cervical vertebra of Brontosaurus excelsus; side view; one-twelfth 

natural size............................................................... 169
FIG 4 The same vertebra; back view; one-twelfth natural size.............. 169

o, ball; c, cup; d, diapophysis; /, lateral foramen; n, netfral canal; p, 
parapophysis; r, cervical rib; z, anterior zygapophysis; «', posterior 
zygapophysis. 
284



U. 8. GEOLOGICAL SURVEY SIXTEENTH ANNUAL REPORT PART I PL XX
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PLATE XXI.

JURASSIC DINOSAURS. SAUROPODA.

ATLANTOSAURHXB.
Page.

FIG. 1. Posterior cervical vertebra of Srontosaurus excelsus Marsh; front view. 169 
FIG. 2. Dorsal vertebra of Brontosaurus excelsus, side view....... ........... 169
FIG. 3. The same vertebra, back view....................................... 169

6, ball; e, cup; d, diapophysis; /, foramen in centrum; /', lateral fora­ 
men ; n, neural canal; p, parapophysis; r, rib; s, neural spine, z, anterior 
zygapophysis; z', posterior zygapophysis. 

All the figures are one-twelfth natural size. 
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BRONTOSAURUS EXCELSUS. 
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PLATE XXII.
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PLATE XXII.

JURASSIC DINOSAURS. SAUROPODA.

ATLANTOS AUEID^K .
Page

FIG 1. Scapular arch of Bi ontosaui as exoelsus Marsh, front view; one-sixteenth 
natural size.................. ............................................ 168

c, coracoid; ct, 'cartilage; g, glenoid cavity; os, right sternal bone, ns 1 ,
left sternal bone; s, scapula. 

FIG. 2. Left sternal boue of same individual; one-eighth natural size........ 168
«, superior view, i, inferior view, c, face lor coracoid; d, margin next to

median line; e, inner front margin; p, posterior end.
FIG 3 Kterual plates of young ostrich (Siruthio camelus Linn ); seen iiom 

below; two-thirds natural size ............................................ 169
c, coracoid; ct, sternal cartilage; os, ossified sternal bone; sr, sterna] nb. 
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PLATE XXIII.
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PLATE XXIII 

JURASSIC DINOSATJKS. SAUROPODA.

ATLANTOSADEID^:
Page 

FIG 1 Sacrum of lironiosaurns excelsus Marsh, seen from below.............. 170
a, nrst sacral vertebra; b, transverse process of first vertebra; c, transverse 

process of second vertebra; d, transverse process of third vertebra, e, 
transverse process of fourth vertebra, J,f',f",f'", foramina between 
processes of sacral vertebiSB; g, sniface for union with ilium, I, last 
lumbar vertebra, p, last sacral vertebra 

FIG 2 Section through second vertebra of sacrum of Brontosaurus excelsus.... 170
c, cavity; g, f<ice for union with ilium, no, neural canal 
Both figuies me one-tenth natural size 
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PLATE XXIV. 

JURASSIC DINOSAURS. SAUKOPODA.

ATLANTOSAUKIDyE

Page.

FIG. 1. Ischia of Bnnlosaurus excelxus Marsh; seen from above; one-twelfth 
natural size......................... ........................... ......... 172

la, distal ends.
a, acetabular surface; e, extremity; il, face for ilium; pb, face forpnbis,

s, symphysis. 
FIG. 2. Fourth caudal vertebra of Srontosaurus excelsus, side view. ......... 171
FIG. 3. The same vertebra; front view. ................. ......... .... .... 171
FIG 4. Chevron of Srontosaurus excelsus, side view .. ....... ............. 172
FIG. 5 The same; fiont view......................... ...................... 172

Last four figures are one-eighth natural size.
c, face for chevron; h, hajmal orifice, n, neural canal; s, neural spine, t, 

transverse process, z, anterior zygapophysis; «', posterior zygapophysis. 
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PLATE XXV

JURASSIC DINOSAURS. SAUROPODA.

DlPLODOCIDJi

Page 
FIG 1 Skull of Diplodocus longus Marsh; side view..... .................... 175
FIG 2 The same skull; front view................ ......................... 175
FIG 3 The same sknll; top view............................................ 175

All the figures are one-sixth natural size. 
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DIPLODOCUS LONGUS Marsh. 

Jurassic.



PLATE XXVI.



PLATE XXVI.

JURASSIC DINOSAURS.   SATTROPODA.

Page 
FIG 1. Maxillary teeth of DiplodocuslongusM&ish; side view; one-half natural

size ........................................ ............................. 179
Fl6. 2. Section of maxillary bone of Diplodocus Jongus , showing functional 

tooth (fourth) in position and five successional teeth (2-6) in dental cavity, 
one-half natural size ...................................................... 179

a, outer wall ; l>, inner wall ; c, cavity ; e, enamel ; /, foramen ; r, root. 
PIG 3 Cervical vertebra, with rib, of Dtplodocus longun; side view; one-eighth 

natural size....... ........................................................ 180
a,metapophysis; i,ball; e,cnp; f, foramen in centrum , r,rib; z, anterior

zygapophysis; z' , postenoi zygapophysis
FIG 4. Twelfth caudal vertebia of Diplodocus longus, side view; one-sixth 

natural size. ........................ ..................................... 180
FIG. 5. The same vertebia, bottom view ; one-sixth natural size ............ 180

c, anterior face for chevron, c', postenor face for chevron; s, neural spine ;
z, anterior zygapophysis, z', posterior zygapophysis. 

FIG. 6 Chevron found attached to tenth and eleventh vertebrae of Diplodocus
lonyus; top and side views, one-tenth natural size. ................ ....... 180

FIG 7. Chevron of another individual; top and sid« views; one- tenth natural 
size....................................................................... 180

a, anterior end; p, posterior end, v, faces tor articulation with vertebrae.
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DIPLODOCUS LONGUS. 
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PLATE XXVII.

JURASSIC DINOSAURS. SAUKOPODA.

DlPLODOCID*.

Page 
FIG. 1. Atlas of Diplodocus longus Marsh; side view, one-half natural si?e.... 180
FIG 2 The same; front view; one-half natuial size............. ........... 180

a, articular face for axis; c, cup, n, neural canal, o, cavity foi odontoid
process of axis; i, face for rib, z', posterior zygapophysis

FIG. 3 Cervical vertebra of Diplodocus longus; front view; one-eighth natural 
size..............-----.............. ................... ................. 180

FIG 4 Dorsal vertebra of Uiplodocus longvs, back view; one-eighth natural 
size ...-..................--.-----.. ..... ............................... 180

a, metapophysis; 6, ball, c,cup; d, diapophysis; f, lateral foramen, n, 
neural canal; i, rib; 2, anterior zygapophysis; z', posterior zyga­ 
pophysis. 
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PLATE XXVIII.

JURASSIC DINOSAURS. SAUBOPODA.

DlPLOUOCID^E

Page.
FIG. 1 Sacrum and ilium of Diplodocua longus Marsh, seen from below; one- 

tenth natural size......................................................... 180
la, transverse section thiough second vertebra, c, cavity
a, first sacral vertebra; ac, acetabular surface; 6, transverse process of

first vertebra, c, transverse process of second vertebra; d, transverse
process of third vertebra; /,/', foramina between sacral vertebrae; g,
face for ilium, ^l, ilium; is, face for ischmm, j>, last sacral vertebra; pb,
face for pubis  

FIG. 2. Eight foot of Diplodocus longus, front view; one-eighth natural size.. 180 
a, astragalus; c, place forcalcaneiim; d, distal phalanx; /, fibula, t, tibia;

I-V, metatarsals; i-m, nngual phalanges
FIG 3. Ischia of Diplodocus longus; inferior view; one-eighth natural size.... 180 

e, distal ends; il, face for ilium; p, distal extremity; pb, face for pubis;
s, symphysis.
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DIPLODOCUS LONGUS.
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301



PLATE XXIX

JURASSIC DINOSAURS. SAUROPODA.

DlPLODOCHXE

Page 
FIG. 1. Leftlnetacarpals of Diplodocus longus Marsh, with first phalanx of first

digit in position; front view ................................... ..... .... 180
FIG. 2 Left metatarsals of Morosaurus grandis Marsh; front view............ 183

Both figures are one-fonrth natural size. 
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PLATE XXX. 

JURASSIC DINOSAURS.   SAUKOPODA.

Page
FIG. 1. Skull of Morosaui us agtlis Marsh; posterior view , one-half natural size 181 

a, postoccipital bone, 2>, lateral plate of atlas; c, odontoid process, or cen 
train, of same; to, exoccipital, t, inferior portion of atlas; n, nemal 
canal; p, parietal; po, postorbital; 8, squamosal; so, supraoccipital. 

FIG. 2 Portion of skull, with brain cast, of Morusanrne yrandis Marsh ; top 
view, one-fourth natural si?e . ................ ..... . ............. ... 181

c, cerebral hemispheres; cb, cerebellum;.//), postfrontal; //, frontal; ol, 
olfactory lobe; on, optic nerve; op, optic lobe; p, paroccipital process; 
p>, parietal; if, quadrate, a, aquamosal.

FIG 3 Left dentary bone of Moromurus grandis , outer view; one-third natural 
size ......... ......... -.-... ........... .......... ............... . 181

a, edentulous margin; s, symphysis; sr, face for surangular. 
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MOROSAURUS. 

Jurassic.



PLATE XXXI.
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PLATE XXXI

JURASSIC DINOSAURS  SAUROPODA.

MoitOSAUKID h

Page
Flo. 1. Tooth of Morosaurusyrandis ilarsh, outer view, one-half natural si7fi 181 
FIG 2 The same tooth, front view, one-half uatur.il si/o...._. ._. -._...__ 181
FIG 3 Axis and part of atlas of Moronamin f/iaiidti,; side vic'v; one-eighth 

natural size........................................ _.-.. -_... ._... . 182
FIG 4 Thesame, front view, oue-cighth natural size.,,. ............ ._._ 182

a, odontoid process; ax, centrum of axis; (I, diapophysis, /, foiainen in
centrum; s, neural spine, 2, autenoi zjs^apophysis

FIG 5 Fourth cervical vertehia ol Muio*ai(tM yiatulit, Mile view, one-eighth 
natural size.-..---.-... .........-..---.-...-...-....... ---- ..... ..._. 182

FIG 6 The same vertebra, back\iew, oue-eiiflitli natural si.se.............. 182
J, ball, c, onp; d, diapophysis, e, parapophjsis; /, loiaiuen 1U centrum,

2, anterior zygapopIiysiR, z , posterior /\gapophvsis
FlG ^ Pelvic arch of Horoftain us qxixdis seen iioin in front, one-sixteenth 

natuial size......... ............. ........... .......................... 183
FIG 8 Sacrum of Sfotoianrni qiunUi": fo"ii from below, one-tenth n.itural 

size................................. ................ ................ .... 183
a, first sacral vertebra, Z>, tians>\eis>o process of first veitebra; i, transverse 

process of second vertebia, d, transveisfi process of third veitebra, 
e, tiaiisverse process of last sacral vei'tebia, /, /', f , foramina between 
processes of s.icial vertebra', c/, ij , suifaces foi uiium with ilia; i/, ilium, 
is, ischium, nv, neural caiial, p, last saeial \eitebta, pb, pubis 
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PLATE XXXII
JURASSIC DINOSAURS. SAUROPODA.

MOROSAURID/E

i Pago
FIG 1 Anterior dorsal vertebra of Moiosaurtts le»tus Marsh, pot-tenor view.. 182 
FIG 2 Posterior dorsal vertebra of Atoiosamni Irntut, side view .... ...... 182

2a, transverse section through centrum of same. 
FIG. 3 The same vertebra, posterior view.... ............ ..... ......... 182

All three figures are one-fifth natural size 
FIG. 4 Caudal vertebra of Morosaurus gi andis Marsh; side Mew............. 182
Fir, 5 The same \eitebra; front view........... ....... ... ... ..... 182
FIG. 6. The same vertebra, posterior view ........... ..... .... ..... .... 182

Last three figures aio one-half natiirjl size.
6, ball; c, cup, d, diapophysis; /, foiumen in centrum; m, motapoplivsis, 

it neural canal, ns, neural suture; s, neuinl spine; y, hyposphene, 
z, anterior zygapophysis; s', posterior zjgnpophjsis. 
308



U. 8. GEOLOGICAL SURVEY SIXTEENTH ANNUAL REPORT PART I PL. XXXII

MOROSAURUS. 

Jurassic.



PLATE XXXITI.

309



PLATE XXXIII

JURASSIC DINOSAURS.   SAUROPODA.

MOROSAURLD/E.

PjgB

Fin 1. Sacrum of Moroaaut us lentus Marsb; seen from above. .... . . 183
FIG. 2. Last bacral vertebia of Moiosaui us lentus, posterior view .... ... 182

a, anterior face of centmin of first s.icral vertebra, 6, transverse process 
of iiibt vertebra, c, tiansveiae process of serond vertebra; it, tranbver&e 
process of third vertebra; e, transverse process of last sacral vertebra ; 
/,/',/", iorainma between transverse processes of sacral vertebrsp , q, 
surface for union with ilium; n, nenrnl canal, us, neural spine; p, pos­ 
terior face of oenti 11111 of last sacral Mjrtebra, s, suture, a , pobtenoi

Both n'^ures .ire ouc-liith natural 
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PLATE XXXIV.

JURASSIC DINOSAURS. SAUROPODA.

MOROSAURIO *

Page
FIG. 1 Anterior caudal vertebra of Morosaul us </> andis Marsh; side view, one- 

eighth natural size ................ ........... .... ------ -._. ... . 182
FIG. 2. The same vertebra, fiontview, one-eighth natural size...... ....... 1S2
FIG 3. Second caudal vertebra of Moiosaurus lentus Marsh; bide view ; one- 

hfth natural size .............. ........ ..... ..... .... ..... ... .... 182
FIG. 4. The same vertebra; front view; one-fifth natural size..... ......... 182
FIG 5. Distal caudal of Moiosaurus <jiandis, side view ..... ..... .... .... 182
FIG. 6. The same vertebra; front view....... . ........... .......... .. 182
FIG. 7. More distal caudal of same animal; side view...... ..... ..... ...... 182

Last three figures are natural size
n, neural canal; ns, neural suture; s, neural spine; t, transverse process; 

2, anterior zygapophysls, z', po&terior zygapophysis 
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PLATE XXXV

JURASSIC DINOSAURS. SAIIROPODA.

MoROhAUKID*

Page

FIG 1. Left ilium of Morosaurus )obustus Marsh, side view, one-tenth uutuial
size... -. .. .-- ..... .... ...'.. ... ... .. .... ...... .... 182

FioS The same bone, interim vie\\ , one-tenth natural size .... .... ... 182
a, anterior, or pubic, articular surface, fc, posterior, or ischiadic, articular

surface.
PIG 3 Ischium of Moiosaurus giandis Marsh, superior view, one-eighth 

natural size .... ......................... ..... ....................... 183
FIG 4. Ischia of Moiosiutus lentus Marsh, inferior view, oue-eighth natural 

size. ...................... ................... . .. ... 183
e, distal ends, i(, face for ilium; j>, posterior extieimtj , pl>, lace tor pubis; 

s, Hyiiiphysis 
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PLATE XXXVI.

JURASSIC DINOSAURS. SAUROPODA.

MOROSAURID* AND A'lLAN rOSAURIl>/E.

Paga

FIG. 1 Pelvis of Morosaurus lentus Marsh, seen from the left, one-eighth 
natural size........ ........ ......................... .... .............. 183

FIG. 2. Pelvis of A^iatoaaurus ajax Marsh; seen from the left; one-sixteenth 
natural si/je........ ................ ... ....... ......... ...... ....... 166

o, aretalmlum; /, foramen in pubis; tZ, ilium; is, ischium; p, pulns.
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PLATE XXXVII.



PLATE XXXVII.

JURASSIC DINOSAUES.   SAUKOPODA.

Page 
FIG 1 Portion of rifilit lore loot ol Mnrosahrns agihi Marsb, fiout VIPW, oue-

fouitb iiatuial DI/SU ........... ..... .. . ... . ..... . ... 182
e, (-arpitl bone, f-V, inetacarpals

FI<I '1 Eight hind foot of Moiosaxnts af/ilis, front view, one-fonrth nntnul 
sue .. ......... ................ .... ...... .. .. ..... . . ... . . 183

Fid 3 Fifth metacai pal of Mm vi>aui us lentus Marsb, front view ...... ..... 183
FIG 4 Tbe same bone, muei view ... . . .... . . .. .... .... 182

a, proxioidl entl, e, distal end 
FIG 5 The same, outer view. .......... ..... .... .... ........... .... 183

Last three figures are ouv-b.ill natural size 
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PLATE XXXVIII.

JURASSIC DINOSAURS  SAUKOPODA.

MOHOSAURID/E

Paee

FIG. 1. Boues of left fore leg of Morosaiuus gtandis Marsh; outer view ...... 382
FIG. 2. Bones of lelt himl leg of same individual, outer view .... .. . ..-.. 183

Both iigures are oue-twentietu natural size. 
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PLATE XXXIX.

.JURASSIC DINOSAURS. SAUKOPODA.

ATLANTOSADKID^E, MOROSADRIDYE, AND DIPLODOCIO/E
Page 

Fio 1 Chevron of Hiontosauius ercelsiis Marsh; one-eighth natural size...... 172
FIG 2 Chevron of Apatosanrns ajax Marsh, one-eighth natural size ......... 167
Fio 8 Chevron of itfoi osauru? r/ran<1i<< Marsh, one- fourth natural si7e........ 182
FIG 4 Chevron of Morosaurus gtandis, one-half natuial size.... ........... 182
FIG 5 Chevion of Dtpludocus longiis Marsh, one-tenth natural size......'.... 180

a, front view, a', antenor end, 6, side view, c, back view, d, top view; 
It, haitual orifice; p, posterior end, v, fnue foi vertebra. 
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PLATE XL.

JURASSIC DINOSAURS. SAITROPODA.

PLI< UBOCCELID*:
Page

FIG. 1 Left dentary oone of Pleurocwlus nanus Marsh, outer view; one-half 
natural size ................ ............................................. 183

a, edentulous margin; s, symphysis 
FIG. 2. Tooth of Pleuroca'lus nanus; natural size...................... ..... 183

a, outer view; b, front view; c, inner view, d, posterior view. 
FIG 3. Cervical vertebra of same; side view....... ............. ......... 183

3a, transverse section of same vertebra 
FIG 4. Dorsal vertebra of same, side view.................. .............. 184
FIG 5 The same vertebia, posterior view ................. ............... 184
FIG 6. Sacral vertebra of same, side view . ........... .... ........ .... 184
FIG. 7. The same vertebia; posterior view...... ........... ..... ......... 184
FIG 8. Caudal vertebra of same, side view ..--..--...-......... ......... 184
FIG 9 The same vertebra, superior view ............ ............ ...... .... 184
FIG. 10. Distal caudal vertebra of same; side view ...... ..... ..... ....... 184
FIG 11 The same vertebra, posterior view............---...-..-...--....... 184

All the figures of vertebrae are one-half natural si/e
a, anterior end of centrum, c, face for chevrou, /, foramen in centrum; 

n, neural canal, p, posterior end of centrum, ;, face for rib, s, neural 
spine

Potomac formation, Maryland
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PLATE XLI.

JUKASSIC DlNOSAUKS. SATJROPODA.

PLBUROCCELIDjE

Page

FIG 1 Metacarpal of Pleurococlus nanus Marsh; front view ................. 185
a, proximal end of same; Z>, distal end 

FIG. 2. The same bone; side view ........................................... 185
FIG 3 Metatarsal of same; front view ............ .......................... 185

a, proximal end; It, distal end 
FIG 4. The same bone; side view ........................................... 185
FIG 5 Ungnal phalanx of same; outer view ................................ 185
FIG. 6 The same phalanx; front view....................................... 185

Sa, proximal end of same 
FIG. 7. The same bone, inner view ......... ................ .............. 185

All the figures are one-half natural size
Potomac formation, Maryland 
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PLATE XLII.

JURASSIC DINOSAUES. SAUBOPODA.

ATLA NTO s AURIDA .

Page 
Restoration of Brontosaurus excelsux Marsh .................................. 173

One-ninetieth natural size. 
Jurassic, Wyoming. 

328



U. 8. GEOLOGICAL SURVEV SIXTEENTH ANNUAL PFPORT FftRT I PL. XLII

RESTORATION OF BRONTOSAURUS EXCELSUS Marsh. 
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PLATE XLIII. 

JURASSIC DINOSAURS. PREDENTATA.

STEGOSAURIPJE

Pago. 
FIG 1. Skull of Stegosaurus stenops Marsh; side view .............. ......... 186
FIG. 2 The same skull; front view.......................................... 187
FIG 3 The same; seen from above................ ......................... 187

a, anterior nares, an, angular; at, aiticular, b, orbit; c, lower temporal 
fossa; d, dentary, e, supratemporal fossa, /, frontal; fp, postfrontal, 
j, jugal; I, lachrymal; m, maxillary; n, nasal; oc, occipital condyle, os, 
supraoccipital, p, parietal, pd, predentary, pf, prefrontal, pm, premnx- 
illary , po, postorbital; g, quadrate; s, splenial ; sa, surangular; so, 
supraorbital; sq, squamosal. 

All the figures are one-fourth natural size 
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PLATE XLTV.

331



PLATE XLIV 

JURASSIC DINOSAURS. PREDENTATA.

STECOSAURIDjE.

FIG 1. Tooth of Stegosaurus ungulatus Marsh; a, natural size; 6, c, d, twice 
natural size..-....-. ..................................................... 187

b, outer view, c, end view, d, top view 
FIG 2 Tooth of Pnconodon eiassus Marsh, twice natural size,-.............. 187

a, outer view, *, end view, c, inner view
FIG 3 Outline of sknll of Stegosaurits ungulatus, with brain cast in position; 

seen from above, one-half natural size.................................... 187
FIG. 4 The same brain cast, seen from the left; one-half natural size ...... 187

c, cerebral hemispheres; cb, ceiebellum,/, orbital cavity; /', temporal 
fossa, m, mednlla, oc, occipital condyle, ol, olfactory lobes; on, optic 
nerve, op, optic lobes 
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PLATE XLV. 

JURASSIC DINOSAURS. PRESENT AT A.

STEGOSAURID/I'.

Page 
FIG. 1 Cervical vertebra of Stegosaurus ungulatus Marsh, side view ......... 188
FIG 2 The same vertebra, front view...................................... 188
FIG 3 Dorsal vertebra of same series, side view........................... 188
FIG. 4. The sauie vertebra, front view.................. ...............!.. 188
FIG. 5. Fiibt caudal vertebra of same series, front view . .................. 189
FIG 6. Anterior caudal of same series, bide view-...--.--.---..----....--..* 189
FIG. 7 The same vertebra; front view ....... ............................ 189
FIG. 8 Median caudal of sauie series; side view .................. ......... 189
FIG. 9 The same vertebra, front view ..................................... 189
FIG 10. Chevron of same, front view ................. ..................... 189
FIG 11 The same bone, posterior view ....... ............................. 189

c, face for chevron, d, diapophysis; n, nemal canal; p, parapophysis; 
s, neural spine, zt anterior zygapophysis, ~', posterior zygapophysis.

All the figures are one-eighth natural size. 
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PLATE XLVI.

JURASSIC DINOSAURS. PREDENTATA.

STEGOSAURID^E.

Page. 
FK; 1. Bram cast of Stegosaurus utigulatus Marsh; seen from abo\o .......... 390

c, cerebral hemispheres; eft, ceiebellum; »», medulla; ol, olfactory lobes,
on, optic nerve; op, optic lobes

FIG. 2 Cast of neural cavity m sacrum of Sleyosam us ungulatus, side view .. 190 
Fig 3 The same cast, seen from above........ .......... ........... ...... 190

a, anterior end, /,/',/", foramina, between sacral vertebrie; p, exit of
neural canal 111 last sacral vertebra

FIG 4. Outlines representing transverse sections, through same brain and 
sacral cavity.................... ......................................... 190

J, brain, s, sacral cavity. 
All four figures are one-fourth natural size

FIG. 5 Sacrum aud ilia of Siegosaitrus unyulaius, seou from below, one-twelfth 
natural size.............................. ................................ 190

a, first sacral vertebra; ac, acetabulai turface, 6, transverse process of 
first sacral vertebia; e, transverse process of last sacral vertebra; 
il, ilium; /, second lumbar vertebra from sacrum, I', lumbar vertebra 
next to sacrum; p, last sacral vertebra 
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PLATE XLVII. 

JURASSIC DINOSAURS. PREDENTATA.

STEGOSAURID^B
Page. 

FIG. 1. Left femur of Stegosaurw ungulatus Marsh, front view ............... 191
c, inner condyle; s, shaft, showing absence of third trochanter, t, great

trochanter. 
FIG. 2. Tibia and fibula of same limb; front view ................... ....... 191

a, astragalus; c, calcaneum; /, fibula; t, tibia 
FIG 3 Humerus of Stegosanrus ungulatus; front view...... .... ........... 191
FIG. 4. Ulna of another individual, side view.... ....... .... ..... ..... 191

ft, head; o, olecranal process; r, radial crest.
All four figures are one-twelfth natural size 

FIG. 5. Metapodial bone of same species, one-fourth natural size ........... 191
a, side view; 6, front view 

FIG. 6 Terminal phalanx of same species; one-fourth natural size . ......... 191
a, front view; ft, side view, c, posterior view. 
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PLATE XLVIII.

JURASSIC DINOSAURS. PREDENTATA. 

STEGOSAURID^E
Page

Flo. 1. Left lore leg of Stegosaurus ungulatus Marsh; outer view, one-sixteenth 
natural size ............................................. ................ 191

FIG. 2. Left hind leg of same species; outer view; one-sixteenth natural size. 190 
FIG. 3. Pelvis of Stegosaurus sienofs Marsh; side view, one-tenth natural size. 190 

a, acetabulum; c, coracoid; /, femur; f, fibula, /», humerus; il, ilium; is,
ischium; p, pubis, p', postpubis; r, radius, s, scapula, t, tibia; «, ulna:
I, first digit; V, fifth digit.
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PLATE XLIX.

JURASSIC DINOSAURS. PREDENTATA.

STEGOSAURIMJ.
Page

FIG 1. Gular plate of JStegosaurus ungulatus Marsh ............. ............. 192
a, superior view; b, side view, c, inferior view 

FJG. 2. Tubercular spine of same species............ ................ ....... 192
a, superior view; Z>, inferior view; c, end view 

FIG. 3. Caudal plate of Stegosaurus ungulatus ...... .... .................. 192
a, side view; Z>, end view of base; c, view of opposite side; d, thin mar­ 

gin; e, rugose base, /,/', surface marked by vascular grooves. 
FIG, 4. Dorsal plate of same animal ......................................... 192

a, superior surface, ft, thick basal margin; c, inferior surface; other let­ 
ters as in fig 3.

All the figures are one-twelfth natural size. 
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PLATE L.

JUKASSIC DlNOSAUKS. PEEDBNTATA.

STEGOSAHRID^:
Page 

FIG. 1. Dorsal spine of Stegosaurus ungulatus Marsh..... ... ... ......... 192
FIG 2 Large caudal spine of same individual.......... . ........ ..... 192

a, side view; ft, front view; c, section, d, inferior view of base 
FIG. 3. Smaller caudal spine of same ........................... .... .... 192

t, posterior view; other letters as above. 
FIG. 4 Caudal spine of Stegosaurus auJcatus Marsh; side view.............. 193
FIG 5 The same spine, posterior view...... .............. ............... 193
FIG 6 The same; inner view ..... ............ ........... .............. 193

a, anterior, 6, base; p, posterioi, ), ridge; s, face for adjoining spine.
All the figures are one-twelfth natural size.
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PLATE LI. 

JURASSIC DINOSAURS. PREDENTATA.

STEGOSAURIM:.
Page

Caudal vertebrae, spines, and plate of Diracodon laticeps Marsh, seen from the 
left; one-sixth natural size ............................................... 193

a, right anterior spine; a', left anterior spme; T>, small caudal plate; c, 
chevron bone; p, right posterior spine; f', left posterior spine; t, ter­ 
minal vertebra; v, median caudal vertebra.

The bones represented are essentially in the position in whieh they 
were found. 
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DIRACODOM LATICEPS Marsh. 

Jurassic.



PLATE LII.
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PLATE LTI. 

JURASSIC DINOSAURS. PBEDENTATA.

STKGOSAUEIB^E.

Eestoration of Stegosaurus vmgulaius Mar&li..... ..... ..................... 194
One-thirtieth natural size. 
Jurassic, Wyoming. 
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RESTORATION OF STEGOSAURUS UNGULATUS Marsh, 

One-thirtietn natural size. Jurassic, Wyoming.



PLATE LIII.
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PLATE LIII.

JURASSIC DINOSAURS. PREDENTATA.

C AMPTOSAURID^E.
Page.

FIG. 1 Skull of Camptosaunts medius Marsh, seen from the left side; one-fourth 
natural size................. ..... ........... ........................... 197

FIG 2. The same skull, with brain cast in position; seen from above; one-fourth 
natural size........... . .... ...... .... ..... ..... .................... 197

a, exterior narial opening; an, angular; So, basioecipital; d, dentary, /, 
frontal; fp, postfrontal; if, infraorbital fossa; j, jugal; I, lachrymal; 
m, maxillary, », nasal, o, orbit; pd, predentary; pf, prefroutal; pm, pre- 
maxillary, q, quadrate; qj, quadratojugal; s, squamosal; sa, surangular, 
sf, supratemporal fossa; so, supraorbital bone, 

FIG. 3. Tenth upper tooth of Camptosaurus medius, natural size.............. 197
FIG. 4. Fifth lower tooth of same species; natural size ........... .......... 197

a, outer view; i, posterior end view; c, inner view. 
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PLATE LIT.
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PLATE LIV.

JURASSIC DINOSAURS. PREDENTATA.

CAMPTOSAURID^E
Page

FIG 1. Left fore leg of Camptoaaurua d^apar Marsh, outer view; one-twelfth 
natural size .............................................................. 196

c, coracoid; h, hunierns; r, radius; s, scapula; u, ulna, /, first digit, V,
fifth digit

PIG. 2. Left hind leg of same species; outer view; one-twelfth natural size .. 199 
a, astragalus; c, calcaneuni, /, femur; /', fibula; il, ilium; ^a, ischiuni; p,

pubis; p', postpubis; t, tibia, /, first digit; IVmt, fourth metatarsal. 
FIG. 3. Posterior sacral vertebra of Camptosaurua dispar, showing peg-and

notch articulation; top view; one-iourth natural size.--............... 197
a, anterior end; p, posterior end.

FIG. 4 Sacral vertebra of same individual, seen from the left; one-sixth nat­ 
ural size........................................ ---- -.---.... ...-.-... 197

FIG. 5 The same vertebra, front view; one-sixth natural si^e ............ . 197
a, anterior face for transverse process; 5, posterior face. 
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PLATE LV

JURASSIC DINOSAUKS. PKEDENTATA.

CAMPrOSADRIIXE AND LAOSAUKIDJi

J'dge 
FIG 1. Lower tootll of Laosaiu us conaoi s Marsh; iicituia.1 size..... .-.. .... 199

a, outer view, b, posterior end view, c, inner view.
PiG. 2 Left fore leg of Camptosaiu us minus Maish, outer view; one-fourth 

natural sire..................................... ......................... 106
e, coracoid; It, liumerus; », ladms, *, scapula, u, ulna, I, fiist digit, V,

fifth digit
Fill. 3. Left hind leg of Laosaurus consort,; outer view, cue-sixth natural si?e. 199 
FIG 4 The same of Dn/osaiirus altus Maish, outei view, one-eighth nntuial

size .............................. .... .............. ..... ............. 198
a, astragalus; c, calcaneiuu, /, femui, /', fibula; il, ilium, is, ischiuui, 

^),pul)is; p', postpubis, t, tibia; 1, fiist digit, IV, fouith digit, IVmt, 
fourth metatarbal; V, fifth metataisal
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CAMPTOSAURUS. DRYOSAURUS, AND LAOSAURUS. 
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PLATE LVI.
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PLATE LVI

JURASSIC DINOSAURS. PREDENTATA.

CAMPTOSAURID/B
Page. 

Eestoration of Camptosaurus dispui Marsh..... .. ... ....... . .. 197
Olio-thirtieth natural size. 
Jurassic, Wyoming. 
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RESTORATION OF CAMPTOSAURUS DISPAR Marsh. 

One-thirtieth natural size. Jurassic, Wyoming.



PLATE LVII.

357



PLATE LVIT.

JURASSIC DINOSAURS. PREBENTATA.

LAOSAUBID^E
Page. 

Restoration of Laosaums consols Marsh..... .... ........... .... ...... 202
One-tenth natural size 
Jurassic, Wyoming 
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RESTORATION OF LAOSAURUS CCNSORS Marsh. 

One-tenth natural size. Jurassic, Wyoming.



PLATE LVIII.
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PLATE LVIII.

CRETACEOUS DINOSAURS. THEROPODA.

ORNITHOMIMIIVE .
Paga 

PIG. 1 Left tibia of Ornithomtmua iclox Marsh...... ........................ 204
A, front view; B, distal end; C, transverse section. 

FIG. 2. Left metatarsals of name specimen............. ......... ........... 204
A, front view; S, proximal ends; C, transverse section; D, distal ends. 

PiG. 3. Phalanges of second digit of same foot, front view.................. 205
A, first phalanx; B, second phalanx, C, third, or terminal, phalanx 

PiG. 4. Left metacarpals of same species, perhaps of smaller individual; front 
view........................... ...... ................. ..... .... ...... 205

All four figures are one-third natural size 
FIG. 5. Left tibia of young ostrich (Struthio oamelus Linn j........... ....... 204

-4, front view; B, distal end 
FIG. 6 Left metatarsals of young turkey (Meleagris gallipavo Linn.).......... 204

A, front view; B, proximal ends 
Last two figures are one-half natural size,
a, astragalus; as, ascending process of astragalus; c, calcaneum; /, fibula; 

/', face for fibula; //, second metatarsal, ///, third metatarsal; IV, 
fourth metatarsal 
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ORNITHOMIMUS VELOX Marsh. 
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PLATE LIX. 

CRETACEOUS DINOSAURS. PREDENT ATA.

CBRiTOPSII^E.

Page
Skull andlower jaw of Tuceratops pi 01 sits Marsh, seen from the left side ..... 208 

One-ninth natural size 
Cretaceous, Wyoming 
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PLATE LX.

CRETACEOUS DINOSAURS. PREDENTATA.
CERATOPSID^E

Paga 
Fir, 1 Skull of SteirholophusflabellatusMarsh; seen from the left side........ 208

a, nasal opening; J, orbit; c, supratemporal fossa, e, epoccipital bone; h, 
horn core; h', nasal horn core; p, predentary; q, quadrate, >, rostral bone. 

FIG 2 The same skull; seen from behind ..... ..... .......... ... ..... 208
d, dentaiy; e, epoccipital; A, horn core, p, parietal, pd, predentary; q,

quadrate; 8, squamosal 
FIG. 3. Skull of Tnceratops senatus Marsh, diagram; seen from above. ,.... 208

c, supratemporal fossa; d, epijugal bone; e, epoccipital; /, frontal; fp, 
postfrontal; Ti, horn core, h', nasal horn core; _;, jufjal; m, maxillary, 
n, nasal, p, parietal, pf, prefrontal, pin, premaxillary; r, rostral bone; 
s, squamosal; r, pineal foramen (?). 

FIG. 4 Skull of Tnceratops pi orsus Marsh, seen from behind................. 208
Letters as in fig. 2.
All the figures are one-twentieth natural size.
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STERRHOLOPHUS AND TRICERATOPS, 

Cretaceous



PTATE TXT
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PLATE LXI.

CRKTACKOUS DINOSAURS.   PIIEDENTATA.

Page. 
Fio 1. Anterior part of skull of Tnccrutops j»o>sus Marsh, side view... ..... 20!)
FIG !! Front view ol same ....... ... ......... ..... .......... ... .... 209
Fir. 3 The same , been from below ......................... .......... . . . 209

A' nasal horu coie, », nasal, »«, iiarial apertuie, pm, premaxillary , ;,
rostral bone 

FIG 1 Pi edentary bone of same individual; side\iew .-.-.-.... .... ..... 211
FIG j Top view of same specimen . . .... .... ..... ...... .. ........... 211
Fl& G Bottom view of same. ................. ..... ..... ........ ........ 311

a, anterior elid, 6, uppei bordei , d, groo\e foi dentary, a, kymphysis 
All the above figures aie one-eisjhth n.itnral uize 

FI<T 7 Cant ot hrain cavity of Tnceialvps f>eriatus Maish, side view, one-half
natural size. ............ .... , . .........I. .......... ... ........ .... 211

c, reiebral hemispheres, c,Ti, cerebellum ; m, medulla; ol, olfactory lobe , f»i, 
optic, iieive, p, pitmtaiy bodj , V, fifth nerve. X, XI, tenth and elev 
euthiierves, A//, twelfth nerve. 

FIG 8 Skull of TncKratops piotsus, seen fi om in front ; one-twentieth natural
t,\ie ...................... ...--.-.-.-. ..... -. ...... .............. .. 210

, dentary, e, epoceipital, 7i, horn roio, h , nasal lioiii core, p, panetal, 
pd, predentarj , q, quadrate. 

FIG. 9. Maxillarj tooth of T> net atop*, set >a/ii>>, side view, natural size ..... . 211
FIG 10 The name tooth; inner view, natural si<;e- ..... ..... .... . ..... 211
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PLATE LXII.

CRETACEOUS DINOSAURS. FKEDENTATA.

CERA TOPSIDE.

Paga 
FIG. 1 Skull of Torosaurus latus Marsh, seen from above......... .......... 214
FIG. 2. Posterior crest of Torosaurui qladius Marsh; seen from above... ...... 214

c, supratemporal fossa; c', anterior temporal foramen; /', parietal fonta-
nelle; A, horn core; h', nasal horn core; p, parietal; s, squamosal. 

Both figures are one-twentieth natural size. 
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CRETACEOUS DINOSAURS. PREDENTATA.

CERATOPSIDjE.

Page 
Fi<; 1 Horn core of Ceraiopa montanus Harsh, side view..... .... .... .... 216
FIG. 2. Horn core 1? of same skull, front view .... ... . ............... 216

a, right horn core, c, left horn coio 
FIG 3 Basioccipital of same skull ............ ... .... .. ..... .... 216

a, side view, ft, posterior view
All three figures aie oue-fouith natural size 

FIG 4 Right squiimosal of Toiosaurus gladius Marsb , miier view ..... ..... 216
Fio. 5 The same of SteiilwJopliusflali'llatna Marsh............. ........ ... 216
FiG 6 The same of Coutops montanus ......... .... ..... .. ........ ... 216

Last three nguies are one-twentieth uatuial Mze
c, opuucipital; g, gioovo for quadiate; s', suture for parietal. 
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PLATE LXIV.

CRETACEOUS DINOSAURS.   PREDENTATA.

Page.
FIG 1. Anterior cervical vertebrae of Tneeratops pt orsua Marsh; side view. .- 212 
FIG. 2 Fourth cervical vertebra of same series; back view... .............. 212

a, anterior face of atlas ; d, diapophysis; «, neural canal ; p, posterior face 
of fourth vertebra; r, rib; s, nenral spine of axis; 8', neural spine of 
third vertebra; s", neural spine of fourth vertebra; s 1, posterior zygapo- 
physis 

FIG. 3 Anterior dorsal vertebra of same species; side view ....... ......... 212
FIG 4. The same vertebra; front view. ..................................... 212
FIG 5 First caudal vertebra of Triceratops prorsus; side view ............... 212
FIG. 6, The same vertebra; front view...... ......... ...................... 212
FIG. 7 The same; back view...... ...... .................................. 212
FIG 8 Median caudal of same species , side view .......................... 212
FIG. 9 The same vertebra; front view ............................... ..... 212
FIG 10. Thesame; back view..--.. ......................................... 212
FIG 11 Distal caudal of same species; aide view ............................ 212
PIG 12. More distal caudal of same species; side view... .................... 212

a, anterior face of centi um ; c, face for chevron ; A, facet for head of rib; n, 
nenral canal ; p, posterior face of centrnm; r, rib, s, neural spine, t, facet 
foi tubercle of rib; 2, anterior zygapophysis; s', postenoi zygapophysis. 

All the figures are one-eighth natural size 
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PLATE LXV.

CRETACEOUS DINOSAURS. PREDENTATA. 

CERATOPSID^E.
Page

Sacrum of Triceratopi prorsus Marsh, seen from below; one-eighth natural siye. 212 
a, anterior face of nrst sacral vertebra , p, posterior face of last sacral vei- 

tebra; s, neural spmeof List vertebia; z, anterior zygupopkysis of nrst 
vertebra, 1-10, transverse processes, leftside 
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PLAT?] LXVI.

CRETACEOUS DINOSAURS. PREDENTATA.

CERATOPSID/E
Page

FIG. 1 Right scapula and coiacoid of Tnoeiatopa proisus Marsh, side view... 213 
FIG 2 Right huiiicrus of same species, front view .............,............. 213
FIG. 3 Left ulna of same individual; front view ........................... 213

e>,coracoid, ,o,glenoidfossa, h, head; o, olocranon process; r, ladial crest;
»', face for radius, «, sutiue, sc, scapula 

All the figures are one-eighth natural wze.
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PLATE LXVII.

CRETACEOUS DINOSAURS. PBEDENTATA.

CKRATOPSID/E
Page

FIG 1. Pelvis of Sterrholophus flabellalus Marsh; side view, one twelfth natu­ 
ral size............................... ...-..-.......--...-..---......--.. 213

a, acetabuluiii; tl, ilium, is, ischium, p, pubis.
FIG 2 Pubis of Tiiceratop* prorsus Marsh; inside view; one-eighth natuial 

size .................. ..... ............... ................. ........... 213
FIG 3 The same pubis, showing postpubic process, inferior view........... 213
FIG 4. The same; outside view ............................................. 213

a, proximal end; b, face for ilium; c, postpubic process; d, distal end.
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PLATE LXVIII.

CRETACEOUS DINOSAURS. PREDENTATA.

CBRATOPSID^E.
Pago 

FIG 1 Left femur of Tnceratops prorsus Marsh; front new............ ..... 214
Fit, 2 Left tibia of same species; front view .......... ......... ......... 214
FIG 3 The same tibia; distal end; back view...... ........................ 214

a, astragalus; c, inner condyle; c', cnemial crest; f, iace for fibula; A,
head; t, great trochanfcer. 

All the figures are one-eighth natuial size 
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PLATE LXIX 

CRETACEOUS DINOSAURS. PREDENTATA.

CERATOPfjID^E

Page,
FIG 1 Mctacarpal of Tnceratops prorsus Marsh, front view, one-eighth natu­ 

ral size .................................................. ................ 213
FIG 2 The same hone, side view......................................... 213
FIG. 3 The same, hack view .............................................. 213
FIG 4 Terminal phalanx of nianus of Stenhvlophits flabellatus Marsh, front 

view; one-fourth natural size .................... .......... ..... ...... 213
FIG 5 The same phalanx, side view.... ................................... 213
FN, 6 The same; back view.................... . ........................ 213
FIG 7 Metatarsalof Triceiaiopsprorsus, inner view; one-eighth natural size. 214 
Fid 8. The same bone; front view ..... ........................... ...... 214
FIG. 9 The same, outer view.. ................................ .......... 214
FIG. 10. lingual phalanx of Tiiceratops liorndus Marsh; front view; one- 

fouith natuial size................................................. ..... 214
FIG. 11 The same phalanx- side view...... ....-.-.-.-...... ........ .... 214
FIG 12 The same; posterior view...................... ... ................ 214
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PLATE LXX.

CRETACEOUS DINOSAURS. PKEDENTATA.

CEBATOPSID^;.
Pa£;e

FIG 1. Dermal spine of Tnceratops Marsh; side view.... ................... 214
PIG. 'i The same spine; fiont view ........................................ 214
Fit; 3 The same, top view.... ............................ ............... 214
FIG. 4 Uermal plate of Tnceratops; top view..................... ......... 214
FIG 5. The same plate, bottom view..... .... ........... --.....-.....-.. 214
FIG. 6. The same; side view.................................... ........... 214
FIG 7. The same, end view................................................ 214
FIG 8. Dermal plate of Tncei a tops, top view.........--.-..--...--.....--.. 214
FIG, 9 The same plate; side view...... .... ............................... 214
FIG 10. The same, bottom view ,......................_-.-...-.....-....-. 214

' All the above figures are one-eighth natural size.
FIG. 11. Dermal ossification of Tnceratops; side view, one-half natural size.. 214
FIG 12. The same, front view .............................................. 214
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PLATE LXXI. 

CBETACEOUS DINOSAURS. PKEDBNTATA.

CERATOPSID^E.
Page

Restoration of Trieeratops ])i ot sun Marsh.... ................ .. ....... ... 218
One-furtieth natural size 
Cretaceous, Wyoming 
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PLATE LXXIL

OUETACEOUS DINOSAURS. PEEDBNTATA.

CLAOSAUHIIXfc
Page

FIG 1. Skull of Claosaiii us annectens Marsh, heen iioin the left ...... .... 219
FIG 2 The same skull, front view................ ..... ..-. ...... .. 220
Fiu. 3. The same skull, seen from above ..... ..... .............. .. ... 220

All the figuies are one-tentli natural size 
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PLATE LXXIII.
CRETACEOUS DINOSAURS. PREDENTATA.

CLAOSAUKID.E
Page 

FIG 1. Left fore leg of Claosaui us annectens Marsh; outer view; one-twentieth
, natural bize.................... ............................. ............ 222

c, coracoid, It, humerus; 1, radius; s, scapula; «, ulna; J, first digit,
IV, fourth digit 

FIG 2 Left bind leg of same individual; outer view, oue-twentietli uat-
uralsize.. ............ ...................... .............. ........... 223

a, astragalus; c, calcaneum; /, femur;/', fibula; il, ilium; is, ischium,
p, pubis, ])', postpubis; t, tibia, //, becond"digit; IV, fouith digit 

FIG 3 Pelvis of the same individual; seen from the left, one-sixteenth nat­ 
ural size. ........ ........... ...... ..... ........................ ... 223

a, acetabulum; other letters as in bg. 2 
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PLATE LXXIV.

CRETACEOUS DINOSAURS. PREDENTATA.

CLAOSAURID^J
Page. 

Restoration of Claosaurus annecttns Marsh ......... .... ..... ..... ...... 224
One-fortieth natural size 
Cretaceous, Wyoming. 
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PLATE LXXV.
CRETACEOUS DINOSAURS. PREDENTATA.

Page
FIG. 1 Portion of right dentary bone of Tiachodon bteviceps Marsh; inside 

view, one-fourth natural size .... ...................... ..... ........... 224
FIG. 2 The same; seen from above..... ................................... 224

a, anterior end, b, posterior end
FIG. 3 Tooth of Palceosclncus latus Marsh; a, natural size; b, c, d, twice natu­ 

ral size ... ......... ....... ........................... ........ ....... 225
li, outer view; c, end view; d, inner view

FIG. 4 Left sternal bone of Claosaurus annectens Marsh; one-eighth natu­ 
ral size ................... .. ....... ............ ...... ... ............ 223

a, seen from above; b, seen from belo%\ 
FIG 5 Dermal ossicles of Nodosaurua textilis Marsh; natural size ... .. .... 225
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PLATE LXXVI

DINOSAURIAN SKULLS; SHOWING SI/.E oi' BRAIN

Pa^e.
FIG 1 Skull and brain cast of Sterrholophus flabellatus Marsh; seen from 

above; one-twentieth natural size........ ................................ 211
c, supratemporal fossa; d, epijugal bone, e, epoccipital bone,/, brain 

cast, h, horn core, h', nasal horn core; «, nasal bone; p, parietal, ;, 
rostral bone; s, squamosal 

FIG 2. The same of Claosaurus annectens Marsh, one-tenth natural size . ... 222
a, nasal opening, i, orbit, c, mfrateruporal fossa, <l, deutary, e, exoccip- 

ital, f, frontal; fp, postfrontal; j, jugal, I, lachrymal; m, maxillary; 
n, uasal, pf, prefiontal; pm, premaxillary, q, quadrate; qj, quadra- 
tojugal; n, squamosal 

FIG. 3 The same of Camptosaums mediiis Marsh; one-fourth natuial size ..... 227
a, nasal opening, bo, basioccipital; _/, frontal, jp, po&tfrontal; if, infra- 

temporal fossa; ,7,jugal; I, lachrymal, n, nasal, o, orbit, pf, prefioutal; 
pm, premaxillary; q, quadrate, tjj, quadratojngal; s, squamosal; «/, 
supratemporal fossa; so, supraoibital Tjone 

FIG 4. The same of Diplodocus longus Marsh, oue-sixtli natural si7fi.... ..... 178
a, aperture in maxillary; 1), antorbital opening; c, nasal opening; c', 

cerebral hemispheres; rf, orbit, e, lower temporal fossa, /, frontal bone, 
/', fontanelle, m, maxillary bone; m', medulla, n, nasal bone, on, 
occipital condyle; ol, olfactory lobes, op, optic lobe; p, parietal bone; 
pf, prefiont.il bone, pm, premaxillaiy bone, q, quadrate, qj, quadra­ 
tojngal bone. 
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PLATE LXXVIT.
BRAIN CASTS OK

. Page
Flo. 1 Brain cast of Stegosaunts uiigidatua Marbh; bide view; oue-fourth nat­ 

ural size.... ..... ........... .......... ... .................. ..... .... 188
FIG. 2. Brain, cast ot Ceratvsaui ui ttastmtms Marsh; side view; oue-fouith 

natural size ... ......... .............. .......... .... ................ 159
FIG. 3 The same ol Claosaiirus annecleim Marsh; side view; one- fourth nat- 

uralsize... ..... .......... .. .......... ..................... ....... 222
FIG 4 The same of Tnceratupt nenatus Marsh, side view; one-half natural 

size ........................ ................................. ...... .... 227
FIG. 5 Brain cast of young alligator, for comparison, top view, three- 

fourths natural bi/e.-..- ...... . ... ....................... ..... .... 187
c, cerebral hemispheres , ub, cerebellum; m, medulla; e>?, olfactory lobe, 

OH, optic nerve; op, optic lobe; p, pituitary body; l~, fifth nervo; 
X, XI, tenth aud eleventh nerves ; XII, twelfth nerve 
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PLATE LXXVIII

TBKIH OP PKEDENTATE DINOSAURS.
Page 

FIG 1. Upper tooth of Camptosaut us mechus Mar&h, natural size ............ 227
a, outer view, b, posterior end view, c, inner view

FIG 2 Series of five lower teeth of Claosam us annectens Marsh, one-half nat­ 
ural si/e ................. .... ........... ................ .... ...... 221

a, inner view; b, side view, r, outer view.
FIG 3 Tooth of Stegosaui us ungvlatiis Marsh; a, natural size, b, c, d, twice 

natural size... . .. .... ............ ..... ..... ..... ........... ..... 227
b. outer \ lew, c, side view, d, seen from above 

FIG. 4 Maxillary tooth of Triceratops serratns Marsh; natural size ........... 211
a, outer view; ft, end view; c, mner view, d, seen from below. 
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PLATE LXXIX.
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Page.
FIG. 1. Left pubis of Laosaurus censors Marsh; outer view, one-fourth natural 

size......................................................... ........... 228
FIG 2 The same bone of Dryosaurus altus Marsh; one-eighth natural si^e.. __ 228 
Fift 3. The same of Camptosaurus dispar Marsh; one-twelfth natural size..... 228 
FIG 4. The same of Tnceratops prorsus Marsh; one-twentieth natural size .... 228 
FIG 5. The same of Claosaurus annectens Marsh; one-sixteenth natural size... 228 
FIG 6. The same of Stegosaurus ungulatus Marsh; one-twelfth natural size.... 228 

p, prepubis; p', postpubis 
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Page,

FIG. 1. Ischia of Camptoaauma medius Marsh; superior view; one-eighth nat­ 
ural size.................................................................. 228

la, distal ends of same.
FIG. 2 The same tjones of J)ryosaurni< altus Marsh; superior view; one-fifth 

natural size........................ ...................................... 228
FIG. 3. The same of Claosaurus annectens Marsh; inferior view; one-sixteenth 

natural size............................................................... 228
FIG. 4. Ischia of Tnceratops prorsus Marsh; superior view; one-twelfth natural 

size................ ...................................................... 228
FIG. 5. The same bones of Stegosaurus ungulatus Marsh; superior view, one- 

tenth natural size......... .- ... .... ..-......---....-.. ............... 228
5a, distal ends.
il, face for ilium; pb, face for pubis. 
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PLATE LXXXI.
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Page

FIG 1 Pelvis of Camptosaurus dispat Marsh; seeii from the left, one-twelfth 
natui al size............................................................... 228

FIG 2. Pelvis of Sterrholophus flabellalus Marsh, seen from the left; one- 
twelfth natural size.......................................... ............ 214

FIG 3 The same of Slegosaurus slenopa Marsh; seen from the left; one-tenth 
natural size...................................... ........................ 214

ti, acetabulum; il, ilium; is, ischnim; p, pubis, p', postpubis. 
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Outline restoration of the skeleton of Compaognathna longipes Wagner ........ 228
One-fourth natural size 
Jurassic, Bavaria 
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Page 
Outline restoration of the skeleton of Scehdosaurus Hamsonn Owen ......... 229

One-eighteenth natural size. 
Jurassic, England 
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Page 

Outline restoration of the skeleton of Hypailophodon Foxti Huxley............ 230
One-eighth natural size. 
Wealden, England. 
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Page

Outline restoration of the skeleton of Iguanodon Bermssartensis Boulenger.... 230 
One-fortieth natural size. 
Wealden, Belgium
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GLACIER BAY AND ITS GLACIERS.

BY HARRY FIELDIN« REID.

INTRODUCTION AND NARRATIVE.

My first visit to Muir Glacier, Alaska, in 1890, 1 excited in me so 
much interest in that region that I decided on a second expedition in 
1892. Being unable to get together a party, as I had done in 1890,1 
engaged two men at Tacoma to do camp work and to help generally 
in the work of exploration. The hut built in 1890, near the end of 
the glacier ("Camp Muir"), was made a base camp, and we occupied 
it from July 7 to September 7, making excursions of six or eight days' 
duration to varioxis parts of the surrounding region. In crossing the 
ice we drew our impedimenta on a sled, and we fonnd that the labor of 
carrying these things to the smooth part of the glacier was materially 
lessened by the board walk which Captain Garroll, of the steamship 
Queen, had constructed across the moraine for the benefit of tourists. 
A small boat, 16 feet long, served us for our excursions by water. Our 
usual plan "was to fill the boat with all the provisions it would hold 
after putting iii the tent, blankets, and instruments, and we returned 
when provisions grew short or when rainy weather made my time 
more profitable in the hut. We had rather a wet season, about two 
days out of three being rainy. The small size of our boat was a 
decided advantage in a region where the tides are at times over 20 
feet high, for whenever we landed the boat had to be carried, for safety, 
high up the beach. We learned to do this after it had floated off 
two or three times on the rising tide, necessitating a pretty cold bath 
to recover it.

We rowed over a large part of the bay, pushing our way through 
the ice and exploring the inlets. The ice did not usually fill the hay, 
but was massed by winds and currents on the side or in a broad 
streak in the center. Sometimes it was so thick that progress could 
be made only by pushing against the cakes; sometimes large tracts 
of water were clear. The occasional breaking and rolling of the large 
bergs made it imperative to keep away from those which appeared to

1 Studies of Muir Glacier, Nat Geog Mas , Vol IV, pp 19-84
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have been for some time in the water. The strong winds blowing 
off' the glaciers, especially in Mmr Inlet, often made the rowing very 
laborious. Except during strong southerly gales, none of which 
occurred in the summer of 1892, or as a result of falling ice, there 
were no large waves; but those from the latter cause were remarkable. 
We ouce approached to within a quarter mile of the ice cliffs of Muir 
Glacier, which towered impressively above us. Suddenly a large berg 
broke off", followed immediately by a second, and then several arose 
from below. Great breakers, which must have been 30 feet high, 
rushed forward, but fortunately subsided into an even swell before 
reaching us. The fragments of ice spread out with great rapidity and 
in a few minutes quite surrounded our boat.

On the last trip of the Queen in 1892, Captain Oarroll took her up the 
bay into Queen and Bendu inlets, and it was on this occasion that 
he made the soundings given in my map; the names "Queen Inlet" 
and " Carroll Glacier" commemorate the first trip of a ship to the 
upper part of Glacier Bay. Captain Carroll kindly took my party with 
him, leaving us in Eendu Inlet, and we spent three days in these 
waters, surveying and photographing. In places the ice was very 
thick, and once we narrowly escaped spending the night in our boat 
hemmed in by the floes. After we extricated ourselves we were lighted 
back to camp by a fine aurora, while phosphorescent sparks gleamed 
in the water at every stroke of the oars. We returned to Camp Muir 
early 011 the morning of September 2 to find a note saying that the 
Topeka had been there the previous day. This was the last steamer of 
the season to visit Muir Glacier. We had not expected her for two or 
three days, but the weather being fine the captain had pushed ahead 
in order that the tourists might enjoy a clear day at the glacier. Dur­ 
ing onr absence some Siwashes had entered the hut and stolen our 
flour and some less important articles, but fortunately the mate of the 
Queen had given us a good supply of hard-tack, saying in answer to 
our protest, "You won't find a store around every corner in Alaska."

After waiting a few days to see if the TopeJca would call for us after 
visiting Sitka, I decided to leave one man in charge of our baggage and 
instruments at the hut and with the other to work my way to Juneau, 
where 1 could find a tug and return to Camp Muir for the man who 
had remained there. I accordingly started on September 4, spent that 
night on one of the Beardslee Islands, the next on Pleasant Island, in 
Icy Strait, and was picked up the following day by the IT. S. S. Pinta, 
commanded by Lieut. Commander Washburn Maynard. I then learned 
that our absence from Camp Muir had been reported to the governor 
at Sitka, and that he had sent the information to Captain Maynard, 
who immediately started in search of us. Captain Maynard treated 
us with the greatest kindness. He took the Pinta up to Muir Glacier, 
got my other man and our belongings, and carried us to Sitka to await 
the next steamer south.
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GLACIER BAY : GENERAL FEATURES.

Glacier Bay empties into Icy Strait, which, in its turn, opens into 
the Pacific Ocean through Gross Sound, just south of the great Fair- 
weather range of mountains. The higher summits of this range, La 
Perouse, Crillon, Lttuya, and Fairweather, loom up grandly as one 
enters the bay, dwarfing into insignificance the mountains in front o 
them, which would otherwise attract marked attention; for, as willbef 
seen later, they supply nearly all the glaciers which enter the bay. 
The bay trends northwest and southeast, and is about 50 miles long 
from its head, at the ends of the Grand Pacific and Johns Hopkins 
glaciers, to its mouth, between Points Carolus and Gustavus.

The northwest-and-southeast line marks a most important direction 
in the growth of the western part of this continent. In the region we 
are especially considering, all the more important features are parallel 
with, it, and the secondary features are at right angles to it. We find 
the coast-lme, the Fairweather range, the valley of Brady Glacier, 
Glacier Bay, with the mountains on both sides of it, the main stream of 
Muir Glacier, and Endicott Valley, Icy Strait, and Lynu Canal, with 
its flanking ranges of mountains, all in this direction; whereas Cross 
Sound, Geikie and Queen inlets, the northern tributaries of Muir Gla­ 
cier, Charpentier and Johns Hopkins glaciers, with the neighboring 
mountains, run at right angles to it. This direction is so general that 
we are forced to believe that the main features which it characterizes 
are due to the same general causes, and that their parallelism is not an 
accident of erosion.

The direction of the bay gives rise to some remarkable effects of light 
and shade. In the summer, when the sun sets in the northwest, I have 
seen the mountains black in the evening shadows, and the setting sun 
send a flood of light down the trough of the bay, making the islands 
glow as if they were on fire. As the sun slowly circled toward the 
north, here and there a peak would come out from the shadow of the 
distant mountains and look like a flame leaping to the sky.

The bay varies greatly in width. Beul Inlet, 1 which is really its upper 
end, has a breadth of some 2 miles; it unites with Eendu and Queen 
inlets to form a broader body of water, but contracts a short distance 
lower down, where a mass of hard limestone on the northeast and 
another of igneous rock on the southwest approach within 2 miles of 
each other. Formerly, when this part of the bay was filled with ice, 
these rock masses must have formed a gorge, partially damming back 
the ice, and being themselves subject to immense pressure and grind­ 
ing from the icy torrent that poured between them. It must be remem­ 
bered that a velocity of 20 or 30 feet a day is as great a torrent for ice 
as half as many miles an hour is for water; it can occur only with great

1 This name was given by the United States Board on Geographic Katnea
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breadth and depth in the body of a glacier, or at the end of a tide-water 
glacier, and tins latter presents many analogies to a waterfall.

The rock masses bear evidence of their experience in the smooth, 
flowing outline they here give to the bay, and in their steepness, at the 
water level they are very nearly vertical. Once when rowing along the 
northern shore I could place my hand against the limestone rock with­ 
out leaning over the side of the boat. The rock was seen to be highly 
polished and covered with glacial scratches parallel with the trend of 
the bay.

Tidal and Hugh Miller inlets open opposite each other, and below 
them the bay suddenly more than doubles its breadth, having there a 
width of 5 miles, which it retains pretty uniformly as far as Muir and 
Geikie inlets, these being also nearly opposite each other. In this part 
the shores, though still precipitous, are not so steep as just above, for 
there is some talus at the toot of the mountains, and in most places a 
small boat could effect a landing.

Below Muir Inlet the northeastern shore recedes, broadening the 
bay to nearly 10 miles. At one time the bay actually retained this 
breadth to its mouth, but since then there have been great deposits of 
blue clay and gravels, which have formed the Beardslee Islands and 
the lowland to the southeast, and have so choked up the mouth of the 
bay as to leave a comparatively narrow opening, only 2J miles wide, 
opposite Bush Point. This has evidently been kept open by the tides, 
 which must flow rapidly enough to carry in or out of the bay every six 
hours a large quantity of water, enough, indeed, at spring tides, to 
change the level of the whole surface of the bay an area of 330 square 
miles 18 or 20 feet. This amounts to about 1£ cubic miles of water 
passing Rush Point four times a day.

Between Muir Inlet and the Beardslee Islands the precipitous moun­ 
tains on the northeastern shore are broken by valleys in only two places. 
The larger of these, whose entrance is 9 or 10 miles below Muir Glacier, 
is formed by the union of several valleys. It seems well adapted by 
its contour to accumulate a glacier, but it is kept quite free of ice by 
its southern exposure and the warm and moist southwesterly winds 
which prevail here. It offers a strong contrast to the valleys of the 
Dirt and White glaciers, immediately to the north. It contains a large 
stream, which has brought down much detritus and formed a sand spit 
projecting nearly a mile into the bay. This sand spit and the two 
neighboring islands form a sheltered harbor, Sandy Cove, where 
undoubtedly good anchorage can be found. The stream, very curi­ 
ously, no longer empties into the cove, but, flowing past its head, enters 
the bay between the precipitous sides of the mountain and a detached 
mass of rock.

Similar detached or nearly detached rock masses are a peculiar fea­ 
ture of Glacier Bay. They occur in many places. Three miles north 
of Sandy Cove the mountain looks as though a great semicircular canal 
had been gouged out, separating a mass of rock, 550 feet high and



REIU] ROCK ISLANDS. 425

3,000 feet long, from the rest of the mountain, of which it seems an 
integral part. At the entrance of Tidal, Hugh Miller, and Geikie inlets 
we again find good examples of rock masses practically isolated. This 
peculiar topography is a mark of long' erosion, and is produced by val­ 
leys eating back from opposite sides of a ridge until they unite, making 
low divides, and leaving isolated rock masses. The Paleozoic age of 
the clastic rocks (see page 433) also indicates that they have been long 
exposed to erosion. Among mountains like the Alps, Sierra Nevadas, 
and the Pairweather Range, of late geologic age; the glaciers, in gen­ 
eral, have their origin in great cirques with precipitous walls, at high 
altitudes; but in the region about Glacier Bay the walls of the cirques 
have been entirely eroded away, and glaciers on one side ot a ridge are 
continuous, at low altitudes, with glaciers ou the other side.

The mountains between Geikie Inlet and Point Carolus are precipi­ 
tous, but are broken, below the end of Drake Island by several valleys. 
A good deal of sand has been brought down by streams, so that the 
immediate shore is in many places low land.

THE ISLANDS.

These are of two kinds sand islands and rock islands. Of the 
former, 111 addition to the Beardslee group, there are two east of the 
Marble Islands; one, Caroline Shoals, in Muir Inlet; one in the middle 
of Geikie Inlet; and three small ones in Hugh Miller Tulet. There are 
probably two or three along the shore behind Willoughby Island, but 
I was unable to examine this region properly. Tbese islands aie all in 
front of the valleys, whence they have derived the material of which 
they are made. They will be considered further in connection with the 
sand and gravel deposits of the bay.

The rock islands are of every size, from that of the mere dots at the 
end of Sebree Island to that of Willoughby, 3^ miles long, and even the 
great limestone mass behind Drake Island is separated from the igneous 
rocks to the west by a valley, which almost divides it from the main­ 
land. In their material they represent all the rocks that occur near 
the bay limestone and slate, and both light and dark igneous lock. 
They occur sometimes singly, sometimes in groups, and are generally 
elongated, with their axes in the direction in which the ice formerly 
moved. They have been smoothed and scratched by the ice and worn 
into roches moutonnees, forms characteristic of glaciated knolls. They 
bear numerous erratics, some of which are so nicely balanced that they 
can be easily overturned and made to plunge into the water below. 
This is also true of the shores of the bay.

Willoughby and Drake islands are evidently closely connected with 
the similar rock of the neighboring mainland; so are the islands 
about Hugh Miller Inlet, and Sebree and Garforth islands, in Muir 
Inlet; but Marble, Composite, and Lone islands, standing, as each does, 
quite alone and as distant from one shore as from the other, offer but 
little information to enable us to explain their curious positions. Future
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soundings may throw some light on this question. Sturgess Island is 
probably the remains of a dike, for it is of igneous rock. Triangle 
Island, in Queen Inlet, is connected with the near shore by a ridge under 
water, discovered by Captain Carroll when he took the steamship Queen 
into this inlet August 29, 1892.

The mountains are almost bare of vegetation in the upper part of the 
bay. Here and there a patch of horsetails, willow herb, or dwarf 
willows, a few inches high, is noticed as a small spot of green when 
one is near by. Between Tidal and Muir inlets the mountains are quite 
green and supply food to mountain goats and ground hogs, and in 
places bushes of alder and cottonwood 10 to 15 feet high offer cover 
to the beautiful white and gray ptarmigan. On the opposite shore of 
the bay we found strawberries m August.

In the neighborhood of Sandy Cove coniferous trees (probably spruce) 
occur 1,500 or 2,000 feet above tide. This lower limit of the trees gets 
lower as we go southward, descending to tide level near the Beardslee 
Islands. The more northerly of these islands are entirely bare; the 
more southerly are thickly wooded with large trees. The correspond­ 
ing part of the opposite shore is also wooded, and trees could be seen 
in the valley near the end of the arm stretching southward from the 
upper part of Geikie Inlet. The lower limit of the trees probably 
marks the upper limit of the ice when it last filled the bay, one hundred 
or two hundred years ago. The slope thus marked amounts to between 
1° and 1.5°, which is a little less than that of the present surface of 
Muir Glacier.

THE INLETS AND GLACIERS.

Many inlets open into the bay and add much to its beauty; in fact, 
the principal interest of the region centers in these inlets and their 
tributary valleys. The first one we pass when sailing up the bay is 
Berg Inlet, which enters from the west some 2 miles southwest of the 
southern end of Willoughby Island. The entrance is divided by an 
island, which appears to be merely a sand bank. The inlet seems to 
extend 6 or 8 miles inland, but I did >not have an opportunity of 
entering it; my estimate is based on the general appearance of the sur­ 
rounding mountains. Icebergs float on its waters, and some become 
stranded near its entrance. I think they are brought in by the tide 
from Glacier Bay. Although this inlet must receive the drainage from 
glaciers near its head, I hardly think any glacier actually reaches its 
waters, for there is an entire absence of that barrenness so character­ 
istic of the mountains surrounding the tide-water glaciers of the bay. 
Its shores are low for perhaps a mile from the water's edge and are 
covered with vegetation, probably alder and cottonwood. Captain 
Beardslee writes of this inlet: " Between the inlet and the bay there is 
a bar about 100 yards wide, on the shoalest part of which there are 3£ 
fathoms at high water, with deep water inside." l

ID S Hjdrogrdphic^otice.jSTo 97,1880
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Mnir Inlet attracts attention from the first by the way in which its 
shores open out, allowing its beautiful glacier to be seen from a loug 
distance down the bay. This has already been described. 1 One is apt 
to be disappointed in Muir Glacier on first seeing it at a distance of 15 
or 20 miles, for then its ice cliff, 200 feet high, looks scarcely more 
than aline along the water; and even when, as is usual, the ship conies 
to anchor at a distance of three-quarters of a mile, it is difficult to 
realize the great size of the ice front; but when the ship steams up to 
within 200 or 300 yards of the glacier, the ice cliffs seem to grow 
higher and higher, and one begins to realize how stupendous they are. 
Think.of a distance of nearly 2 miles in some familiar locality, and 
imagine yourself walking that distance along the base of a vertical 
wall of ice as high as the higher church steeples, and you will gain a 
conception of the actual size of the end of Muir Glacier which can 
hardly be acquired in any other way.

The mountains 011 the west side of Muir Inlet are divided by a deep 
cut which runs east and west. The middle of this valley is occupied 
by the interesting Dying Glacier, which belongs to the past and is 
melting away. At each end of the glacier the valley has a nearly level 
floor of sand and gravel, extending on one side to Muir Inlet and on the 
other to Tidal Inlet, which fills the western end of the cut and opens 
into Glacier Bay some 10 miles northwest of Muir Inlet. Tidal Inlet 
is almost straight, 4^ miles long and less than half a mile wide. For 
the greater part of its length, especially on the north side, the moun­ 
tains descend sheer into the water, offering no possibility of landing. 
The bare scars remain in several places from which hundreds of tons of 
rock have disappeared into the waters below. Here and there streams 
dash down the steep mountain sides, telling us of snow fields which the 
lower slopes of the mountains hide from view. Some of these streams 
have sunk into channels in the limestone and burst into sight through 
openings in the face of the cliff. The entrance to the inlet is protected 
by a remarkable natural breakwater. It was the view of this effi­ 
cient protection in 1890 that decided me to make use of this inlet for 
tidal observations; hence its name. On the north side of the inlet, and 
near its mouth, opens the valley of the Twin Glaciers. These beautiful 
ice streams unite about 4 miles back from the water, their junction being 
marked by a very broad and dark medial moraine, the appearance of 
which from the inlet is quite striking. The end of the glacier, however, 
is hidden by a turn of the valley.

The views in this inlet are charming. . The still water, with here and 
there an iceberg, brought in by the tide, forms the foreground; the 
steep mountains on either side frame the picture. If we look to the 
eastward, Mount Case and Mount Young rise up over the clean-cut 
saddle of Dying Glacier; if to the westward, snowy Fairweather and 
double-peaked Lituya challenge our admiration.

No soundings have been made in this inlet, but it gave me theimpres-

1 Nat Geog Mag . Vol IV, p 25
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siou of considerable depth. At the upper end, and also in front of the 
valley-of the Twin Glaciers, it has doubtless been made much shallower 
by deposits of sand and gravel.

On the opposite side of the bay Geikie and Hugh Miller mlets are 
related very much as are Muir arid Tidal inlets. The first named cuts 
through the mountains almost at right angles to the trend of the bay, 
and several valleys open into it from both sides. It is 1 to 1J miles wide 
and S£ miles long, though it is so much foreshortened when looking 
into it that it appears not more than half that length. The upper end 
is dominated by a group of peaks, of which the Black Thorn is the most 
prominent. The sides of the inlet are steep and are covered with gla­ 
cial cle'bns, seamed with gulleys, to a height in places of 1,100 feet. 
Much of this has of course been washed down and has made a narrow 
beach, so that one can land almost anywhere.

Three valleys open on each side of the inlet, and are so nearly oppo­ 
site each other as to suggest that each pair is one valley cut in two by 
the inlet. They open respectively near the entrance, near the middle, 
and at the head of the inlet. The first one on the southeast separates 
the limestone from the igneous rock. This valley and the next one are 
continuous with others opening into Glacier Bay to the southeast, and 
are ,m part occupied by the waters of the inlet. The third valley, at 
the head of the inlet, is occupied by Wood Glacier, 1 which touches the 
water in one or two points. It does iiot end in a vertical face, but has a 
sloping end, like ordinary alpine glaciers; in fact, just as it would have 
if the inlet were entirely drained. This glacier apparently has an outlet 
to the southeast, draining into Berg Inlet. In places it is very much 
covered by de'bris.

The three valleys on the northwest side connect with Hugh Miller 
Inlet, and all contain glaciers. That in the first valley is not visible 
from this side; that in the third valley, the Geikie, is a tidewater 
glacier; it comes in from the northwest, ending a little behind the 
general shore-line, so that it can not be seen until one is quite near 
it. Its vertical end is 140 feet high and three-fourths of a mile broad, 
and it discharges bergs, which, however, are not large. Its ice is con­ 
tinuous on one side with that of Wood Glacier, and on the other rests 
on deposits of stratified sands, like the wings of Muir Glacier. Its 
valley connects with that of Charpentier Glacier. Near its mouth it 
receives as a tributary from the south a small glacier, which joins it 
alter a steep fall of 1,500 feet with a slope of 17°.

Three miles from its mouth Geikie Glacier connects on the north with 
the Charpentier, and on the south with another glacier which appar­ 
ently flows to the southwest, draining into Taylor Bay (Cross Sound), 
thus forming a pass, probably not exceeding 2,000 feet high, between

J !N"amed after Lieutenant Wood, who seems to have been the first white man to enter Glacier Bay. 
See "Among the Thlmkita in Alaska," Century Mag , July, 1882, p 323 Professor Muir was there in 
1879, Lieutenant Wood in 1877 The latter evidently took gieat interest in the natives, and less in 
the physical geogiaphy of the region
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the Glacier Bay and the Taylor Bay basins. The valley at the head of 
Taylor Bay contains the Brady Glacier, the extent of which is, quite 
unknown. The Pacific Coast Pilot (p. 191, edition of 1891), issued by 
the United States Coast and Geodetic Survey, says that it is "supposed 
to originate near Mount Crillou." From what I could see on my first 
visit, m 1890, I concluded that this glacier must extend even to the 
flanks of Mount Fairweather. My present acquaintance with the region 
inclines me to believe that the Brady Glacier originates on the flanks 
of Mount Crillon, and that its basin is limited on the north by a spur 
running from this mountain to the northeast.

The middle valley on the northwest side of Geikie Inlet is marked 
by an immense deposit of sand and gravel which fills its eastern end. 
The glacier m it, the Favorite (named after the steamer Favorite, in 
which Captain Beardslee first entered Glacier Bay), ends 2 miles from 
the inlet. It is comparatively clean and is not loaded with lateral 
moraines. This is probably a mark of rapid diminution, the glacier 
melting down and depositing the material on the mountain side as fast 
as it falls on its surface. The end, also, is very sloping, which is a sign 
of rapid retreat. A little below the end of the glacier a tributary val­ 
ley enters from the southwest, containing a remarkable isolated deposit 
of sand, which will be described lurther on (see p. 437). There is a 
dirty little glacier on the opposite side of the inlet, so covered with 
debris as to be hardly noticeable.

The low sand island about 2£ miles from the entrance of the inlet 
indicates small depth of water m its neighborhood, probably due to 
filling up by detritus brought from Favorite Valley. The other parts 
of the inlet seem to be quite deep.

Hugh Miller Inlet differs from all the others in having promontories 
and large islands which break it up and give it a very irregular form. 
It has not great extent, but is surrounded by ice- and snow-covered 
mountains, and receives two tide water glaciers, the Charpentier and 
the Hugh Miller, the ends of which make up an important part of its 
boundary. These glaciers occupy almost parallel valleys running nearly 
north, and present some singular resemblances to each other. Each 
extends far back into the mountains, receiving small tributaries from 
both sides, and connects by a low pass with the valley on the other 
side of the range. The end of each is divided by solid rock into two 
parts, one of which rises in a vertical cliff from the water, while the other 
has a sloping end almost reaching the water. Thus each presents the 
features of both a tide-water and an alpine glacier. The Hugh Miller 
Glacier discharges but little ice compared with the Muir, and the Char­ 
pentier still less. The opening of this inlet faces down the bay, and 
through it Hugh Miller Glacier is visible for a long distance. On enter­ 
ing the inlet, we see the alpine end of Charpentier Glacier on the left as 
a smooth and rather dirty ice slope ending on gravel a short distance 
from the shore. A mile back this ice suddenly changes its character,
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and becomes very white and much broken, a most puzzling condition 
until we recognize that it is here flowing past the still ice to the tide­ 
water end of the glacier, hidden from our view by the promontory which 
projects so far into the inlet. Where the glacier now ends on the shore 
it once pushed out into the water, but as it became smaller practically 
all the ice followed the deeper channel leading to the present tide-water 
ending, so that the alpine end is probably almost stationary ice slowly 
melting away.

Hugh Miller Glacier spreads over a very large space north of the 
inlet, forming what might be considered a piedmont glacier, separated 
from the bay by a large mass of igneous rock, to the northwest of 
which it approaches, but does not reach, the water. From the general 
direction of its valley it is at this latter place that one would expect its 
principal ending, instead of by a lateral opening into Hugh Miller Inlet.

Queen, Bendu, and Keid inlets converge to a common point iu the 
neighborhood of Composite Island. This island is made up of two 
kinds of igneous rock, one light and the other dark, and their line of 
junction is so well marked as to be easily visible 10 miles away in 
bright weather.

Queen Inlet, about 2 miles wide, stretches away to the north for 3 
miles and then makes a sudden turn to the northeast, and 2 miles 
farther is blocked by the ice cliffs of Carroll Glacier. The mountains 
confining the waters of the inlet are steep, though the glaciers and 
streams have made extensive deposits at their base. The mlet narrows 
to 1 mile at its head, where it attains its greatest depth, 90 fathoms. 
Near the eastern shore, at the bend of the mlet, is a low, rocky island 

  (quartz dionte), which I have called Triangle Island, from its shape.
Several unimportant valleys, containing small, dirty glaciers, drain 

into the inlet. In the largest of these, which enters from the north­ 
west, the glacier is rather cleaner than in the others and attracts more 
attention than it deserves, for it is visible a long way down the bay 
and appears to be the most important glacier draining into the inlet, 
the Carroll being hidden by the mountains on the east; but when the 
latter, guarded by Sentinel Peak, bursts into sight all else is forgotten. 
Its ice extends from the steep mountain slopes on one side of the mlet 
to those on the other, and seems to struggle for a freer way through 
the narrow passage. In the summer of 1892 the eastern side of the ice 
front was straight, and the western side formed a segment of a circle 
with the concavity toward the mlet. Eergs of comparatively large size 
occasionally bieak off, though the supply of ice is not very great. Over 
the ice front we see a low spur of Gable Mountain, and, at a greater 
distance, the line of nunataks which separate Cushmg Plateau and the 
main channel of Muir Glacier. The view is limited right and left by 
the nearer mountains. Carroll Glacier is fed by the snows of the 
mountains to the northwest, only some of which I am able to include 
in my map, and flovvs m a southeasterly direction to Queen. Inlet, the
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distance from the end of its longest tubutary to its inouth being 
between 15 and 20 imles. It lies at a much lower level than the Gush­ 
ing Plateau, from which the ice pours over m a broken flood to join it. 
There are several large moraines on the Oarroll Glacier, but they can 
not be well seen from Queen Inlet. From a summit just south of the 
Gushing Plateau I once saw them as sharply defined, black lines sweep­ 
ing along in magnificent curves on the white ice, to which they offer such 
strong contrast. Near the eud of the glacier they are mostly swallowed 
up m the crevasses, making dirty, vertical streaks in the ice front.

Eendu Inlet and Eendu Glacier occupy a long, narrow valley extend­ 
ing for many miles between parallel ridges. The upper part of the 
valley bends slightly toward the west, so that the origin of the glacier 
can not be seen from the inlet. The mountains on each side rise 
directly from the water, though enough talus and d6bris have collected 
to make landing easy for small boats. The desolate, barren mountain 
slopes are charged with deposits of sand and gravel, down which small 
streams have cut innumerable gullies. These deposits, which also exist 
on the sides of Queen Inlet, are stratified, laid down undoubtedly 
by running waters, and though the layers appear horizontal they prob­ 
ably have a slight slope toward the mouth of the valley. Notwith­ 
standing its barrenness, this is oue of the most picturesque parts of 
GUcier Bay. The ice chffs of the glacier, about 140 feet high and two- 
thirds ol a mile broad, extending completely across the valley, limit the 
extent of the inlet. The mountains rise on each side, peak after peak, 
bearing on their shoulders small glaciers and dazzling snow fields. 
The jagged crest of Mount Abdallah is sharply outlined against the 
sky, and looks very dark in contrast with the beautiful snow-couloirs 
which streak its cliffs. Its appearance aud its position in the very 
axis of the bay make it a very conspicuous mountain. The marked 
differences between Eendu and Queen inlets come from the fact that 
the former is parallel with the mountain ridges and the latter cuts 
across them. The direction of Eendu Glacier is continuous with that 
of the inlet, and we can see its course for a long distance, whereas 
Carroll Glacier is at right angles to Queen Inlet, from which we see 
only its breadth. On the eastern side of Eendu Inlet, near its upper 
end, is a knoll of white marble, which stands out prominently and is an 
excellent point to which to refer the position of the glacier. My plane- 
table station, a, was on the northern end of its summit. In 1892 the 
glacier's end against the eastern shore of the inlet was about 1,680 
meters (1,8/50 yards) from this point. This glacier does not discharge 
much ice, aud we therefore infer that its velocity is not very great. It 
receives two steep tributaries from the west, not far from its mouth; 
but none of the glaciers on its eastern side, within 6 or 7 miles of its 
end, are large enough to descend to the level of the Eendu. That it 
receives many tributaries is shown by the numerous lines of moraine  
some strong, some faint which mark its surface.
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On the western side of Kendu Inlet, about 2£ miles from its mouth, 
prospectors have opened a mine from which they have obtained some 
silver ore, but its inaccessibility makes its future very unpromising.

Reid Inlet is about 9 miles long, and euters the bay from the north­ 
west. At its mouth it is 2 miles wide, but near its head it nearly doubles 
this breadth. Its northeastern shore is unbroken by a valley, being 
formed by the ridge which separates it from Eendu Inlet. The south­ 
ern shore is much broken up by ridges and valleys running almost at 
right angles to the inlet. From the more westerly of these valleys 
glaciers stream out and unite before breaking ofl into the water.

The head of the inlet receives two large glaciers, the Johns Hopkins 
and the Grand Pacific, which enter from the southwest and northwe&t, 
respectively. Their ends are separated from each other by a mountain 
mass some 5,000 feet high, whose topography 1 was unable to work 
out. A rocky knoll, half island, half nunatak, divides the end of the 
last-mentioned glacier into two parts, from both of which ice breaks 
off; but the western end is by far the more important. The calving of 
the bergs from this and from the Johns Hopkins Glacier opposite is 
continuous, keeping the inlet well covered with floating ice and the air 
pulsating with the thunder of the falls. The very large quantity of 
ice continually being thrown off suggests a considerable thickness and 
a rapid motion for these glaciers. The Johns Hopkins seems to gather 
its ice in an immense amphitheater surrounded by Mounts Fairweather, 
Lituya, and Crillou, and having an area of perhaps 200 square miles. 
It must be a region of magnificent mountain scenery, but it is very 
difficult of access.

The Grand Pacific Glacier lies in the continuation of the trough of 
Glacier Bay. The most distant point of it visible to me was about 10 
miles from its mouth, and was about 2,000 feet high. This point lay on 
the sky line, and no mountains'could be seen beyond, though there 
must be large neve" fields to supply the ice for so large a glacier.

I have collected in the following table such data as we have for the 
various tidewater glaciers of Glacier Bay. PI. LXXXIX will show at a 
glance the relative breadths and heights, and also m three cases depths, 
of these glaciers. The soundings giving these depths were made by 
Captain Carroll. There is considerable difference between the breadths 
of the glaciers, but those whose thicknesses are known show but small 
differences in this dimension. Muir Glacier is two and a half times as 
broad as Eendu, but only one-sixth thicker.

Another interesting point* is the relation between the breadth and 
depth. Muir Glacier is ten times and the lieudu five times as broad 
as it is deep. Eivers are generally much broader than this lu com­ 
parison to their depth.
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Table showing dimensions of glaciers at Glacier Bay, Alaska.
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Glneier.

Can-oil...... ...........

Grand Pacific (western

Grand Pacific (eastern

Hugh Miller ...........

Breadth.

Feet, 

a 9, 200

5,500
3,300

8,200

3,900
6,600
5,600
3 900

rt.4,'200

Depth of 
water.

Feet. 

720

540
600

Height of 
ice front.

Feet. 

130-210

100-200
60-150

ft 135-190

1 0-110
1) 145-260

85-140
120-155
30-150

Thickness 
of ice at 

end.

Feet. 

900

700
700

Average 
slope of 
surface.

o

fci.s
\ dl.G
[ el. 5 

1.9
3.5

">.l

3.0
3.4
4.2

a This does not include the wings.
b These heights are less reliable than the others; they were measured at a distance of several miles 

over water covered with floating ice. Refraction may have made the measurements greater than they 
should he.

e Within S.miles of the end.
(("Within 10 miles of the eiid.
e Within 25 miles of the end.

HARD GEOLOGY.'

The rocks about Glacier Bay are both igneous and sedimentary. Of 
the former, diorites, quartz-diorites, and diabases are the principal; the 
latter are argillites and limestones. Their approximate distribution 
can be seen by a glance at the accompanying map, PI. XC.

The coarse-grained diorites and quartz-diorites occur in large intru­ 
sive masses. Microscopic examination shows that they have been sub­ 
jected to considerable dynamic action since their solidification. Profes­ 
sor Williams considered them very old. They are intersected, as are 
also the sedimentary rocks, by numerous dikes, which run in all direc­ 
tions and have all breadths from 20 feet or more down to a fraction of an 
inch. The latter are fine grained, and do not show evidence of much 
dynamic action. They often look like dark ribbons on the light quartz- 
diorite.

The sedimentary rocks are much folded, so that it is impossible to 
form an estimate of their thickness, which, however, must be several 
thousand feet. They have been so much metamorphosed as largely to 
obliterate their planes of stratification. In places, such as the Marble 
Islands and on the shores of Eendu Inlet, the limestone, in general a 
bluish-gray dolomite, has been changed into white marble. The argillites 
are dark, almost black, slate. No fossils were found in them, but in the 
limestone Professor Gushing found Leperditia, and a specimen of Lons-

'For a detailed description of the rocks of this region see papers by Prof. IT. P. Gushing and Prof. 
G. H. Williams in the Nat. Geog. Mag., Vol. IV, pp. 56-74, and Professor Cushing's paper in tlie Trans. 
New York Acad. of Sciences, Vol. XV, 1895, pp. 24-34. A large part of the geologic map of this region 
is due to Professor Gushing.

16 GEOL, PT 1   28
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daleia (identified by Prof. H. S. Williams) was picked up by a tourist 
m the summer of 1892 on the moraine at the end of Dirt Glacier and 
given by him to Prof. J. J. Stevenson, who was bis fellow traveler.1 
This determines the limestone as Carboniferous. The argilhtes must be 
older, for they underlie the limestones, but no clew was found to their 
age. The quartz-diorites are probably younger than the argilhtes, for 
Professor Gushing describes a contact between them showing stringers 
of the former penetrating the latter. The argilhtes and the limestones 
a hundred miles farther east on the Taku River, described by Dr. 0. 
W. Hayes, 2 seem to belong to the same horizon as the Glacier Bay 
series, as do also those described by Dr. G. M. Dawson 3 asoccuriing in 
the interior region east and northeast of the Coast Ranges, 250 to 350 
miles northeast of Glacier Bay. Carboniferous fossils were found in 
these limestones and Cambro-Silurian graptohtes m the underlying 
argilhtes, suggesting that the similar rocks of Glacier Bay may be of 
the same age. Farther south, m Vancouver Island, Dr. Dawson 4 
describes argilhtes and Carboniferous limestones occurring mterbedded 
with volcanic rocks, above which are Mesozoic sedimentary rocks of 
the same kind. The argillites near Juneau and on the eastern shore of 
Lyiin Canal are, on account of their proximity to those of Glacier Bay, 
more likely contemporary with the latter than, as Dr. Dawson suggests, 
with the later argilhtes of Vancouver Island. This group of rocks, 
therefore, seems to be widely distributed toward the south, east, and 
northeast. In the northwest, however, the rocks of the St. Elias raiij;e 
are totally different; they have been found by Prof. I. C. Bussell5 to be 
late Tertiary or early Pleistocene. Topographic differences suggest 
that there is a great fault m the valley of Brady Glacier, between Glacier 
Bay and the Fairweather Mountains (the southern part of the St. Elias 
range), bringing the early and later rocks into contact.6

At the northern entrance of Hugh Miller Inlet erratics of actinohte- 
schists and garnetiferous mica-schists are numerous. The rocks were 
not found in place and were probably brought here from farther west.

Pieces of garnetiferous mica schist were also found on the eastern 
side of the entrance to Geikie Inlet. They appeared to have tallen 
from a dike which exists here. I did not examine the place very care­ 
fully, as I was not aware at the time that the occunence of these rocks 
in dikes is extremely rare.

THE GRAVELS.

The sand and gravel deposits of Glacier Bay may be divided into two 
classes, the low-level and the high-level deposits. We shall see later 
that these two series were probably laid down at different times.

1 Scot Geog Mag , Feb , 189d, p 5
a Nit Geog Mag , Vol IV, p 138
3 Ann Kept Geol Surv Canada, 1887-88, Pt I, p 32B
' Ibid , 1886, p 9B
« Nat Gcog Mag , Vol III, p 172
6 Ibid , Vol IV, p 24
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The most marked examples of the low-level deposits are the Beards- 
lee Islands. Large deposits also occnr on both shores of Muir Inlet, 
on the northwestern shore of Geikie Inlet, and in Endicott Valley, and 
smaller ones at Sandy Cove and higher up the bay. They also seem to 
occur about Berg Inlet. These deposits are composed of sands and 
small gravels, the latter being subangular or ronuded. They are a 
mixture of various kinds of rooks and are roughly stratified, showing 
that they were laid down by running water. The present thickness of 
these gravels is about 200 feet on some of the Beardslee Islands. In 
Muir Inlet their greatest thickness is about 50 feet less. Their under 
surface is nowhere more than a few feet above high tide. The low land 
southeast of the Beardslee Islands is covered by a forest of considerable 
age and is undoubtedly much older than the low-level gravels of the 
bay. The latter, with the exception of the Beardslee Islands, occur so 
directly in front of the valleys from which they have derived their 
material that there is no doubt as to its source.

The deposits in Muir Inlet have been described and discussed by 
Professor Wright, 1 Professor Gushing,2 and Professor Russell. 3 Pro­ 
fessor Russell, Professor Wright, and I concurred m the opinion that 
the valley occupied by Muir Glacier and Inlet was at one time com­ 
pletely filled by the gravels of a large alluvial cone, having its origin 
at the end of the glacier, then higher up the valley. The sonrce of this 
stream was probably not stationary, but shifted from side to side as its 
channel became blocked up by its own deposits. Later the glacier 
advanced, cutting away the central part of the deposit on account of 
the more rapid movement in the middle, but only slightly cutting down 
the sides. Professor Gushing, looking for a cause which would not 
require so much erosion by the glacier, suggested, provisionally, that 
the deposits might have been laid down on a slowly subsiding floor, 
which was atterwards elevated to its present level. But as these depos­ 
its are rather coarse, and were laid down by swiftly running streams, 
the accumulation must have been rapid, and it would have required an 
unusually rapid subsidence to keep the surface near tide level.

This difficulty, however, may be avoided. The changes that took 
place in the glacier between 1890 and 1892 (see p. 440) called my atten­ 
tion to the fact that the central and lateral parts of the glacier are 
largely independent of each other, both as to the quantity of their ice 
supply and their rates of motion, and consequently as to their extent. 
The gravels accumulated in large quantities higher up the valley 
during the long period when the glaciers of this region were smaller 
than at present. When Muir Glacier began to advance, its center must 
have pressed out beyond the sides, and it may thus have caused the 
drainage streams on each side to flow between it and the mountains 
and deposit their material along the sides of the valley only, where

1 The Ice Age in North America, 1889, p a7
2 Am Geol, Vol VIII, 1891, p 219 
8 Ibid , Vol IX, 1892, p 190
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the floor was about at the level of the present surface of the inlet. 
As this projecting tongue became thicker and thicker it would grad­ 
ually spread over the gravels deposited on its sides, forcing the streams 
closer to the mountains, near which the deposits would thus reach a 
higher level. The sides of the glacier would also advance, stopping 
deposition under themselves, but allowing the accumulations to 
increase m front. This would continue until the spreading of the pro­ 
jecting center and the advancing sides covered the deposits. The 
drainage stream would then either be held up in a narrow channel 
between the ice and the mountain side or its points of emergence from 
the ice would, in a very short time, be moved to a considerable distance 
down the valley, where the water is too deep for its deposits to be 
seen now. The gravels in the valley of Dying Glacier were probably 
derived from that of Muir Glacier, for this valley is so small and its 
glaciers are so insignificant that it is hardly likely that the matenal 
could have originated there.

Geologists who credit glaciers with but slight erosive powers will 
probably prefer the above explanation to that offered by Professor .Rus­ 
sell; but, independently of one's opinion m this matter, I do not think 
there are any observations which decide definitely in favor of either 
explanation; for, although I feel certain that Muir Glaciei would 
advance in the way just described, it may be that the gravels were 
deposited when the end of the glacier was still some distance higher 
up the valley. Some gravels, however, occur in places which seem to 
favor the idea that they were deposited while the glaciers were in 
general advancing. (The existence of the buried forests precludes the 
idea that the glaciers had retreated from this ground shortly before 
the gravels were deposited there; but the glaciers, though in a general 
state of advance, may have made several oscillations, alternately cover­ 
ing and leaving bare the gravels as they were being deposited.) Thus, 
at the southern end of Sebree Island and also of Sturgess Island, 2 or 
3 miles farther down the bay, there are stratified gravels. It is hardly 
possible that these were deposited when the gravels of the inlet were 
laid down, i. e., when Muir Glacier was smaller than it is at present, 
but more likely that a stream from the ice deposited them when the 
glacier's end was near by.

Gravels occur on the sides of Kunatak G and of Tree Mountain, 
and just south of Girdled Glacier the ice still partially covers them.

The deposit on the northwestern shore of Geikie Inlet merits special 
notice. It is almost opposite the middle of the inlet, and has evidently 
derived its material from Favorite Valley. It is composed of small, 
subangular fragments, roughly stratified; its surface is undulating, is 
scattered over with angular rocks, and is cut through by many ravines. 
In fact, it is exactly like the deposits in Muir Inlet. On its eastern 
side it rises gradually from the water up to a height of about 400 teet, 
but falls steeply on the western side m a series of terraces to the val-
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ley bed below. luto this valley there opens from the southwest a 
small tributary valley, which contains a most remarkable deposit of 
sand and gravel, 200 feet thick (PI. XCII). This deposit formerly filled, 
the valley, but streams have cut down its sides, thus completely sep­ 
arating it from the mountain slopes. It is roughly stratified, and 
coarser grained below than above. Its surface is rather smooth, with 
a few large rocks scattered over it. Its upper end is continuous with 
the floor of the valley, which rises rapidly, and its lower end forms 
a part of the southwestern wall of Favorite Valley, and shows the 
stream terraces belonging to the latter's system.

There are, as for the Muir Inlet gravels, two ways of explaining this 
curious arrangement: (1) We may assume that Favorite Valley and its 
tributary were formerly filled with the stratified gravels, and that when 
the glacier advanced it carried away the gravels in its direct course, at 
the same tune blocking up the tributary valley, which must also have 
contained a small glacier. On the retreat of the ice the streams formed 
the terraces; later small streams cut away the sides of the sand deposit 
in the tributary valley. (2) Or we may assume that when the deposits, 
which still remain high above the present valley floor, were laid down, 
the valley itself was protected by being occupied by the glacier, larger 
then than at present. A lake several hundred feet in diameter, with 
its surface proper below high tide, occurs in these gravels. It looks 
like a kettle-hole left by the melting of a mass of detached ice. If this 
is its origin, then the glacier must have retreated from this point 
shortly before the gravels were deposited, or have beeii oscillating back 
and forth over it. When, later, the great advance came, the ice must 
have sunk into this hole and thus have prevented it from being filled 
up with de"bns.

We can not assign these gravels to a period since the last great advance, 
and suppose this lake was made lately, for the scattered moraines over 
their surface show that the ice has overridden them, and their close 
resemblance in every way to those of Muir Inlet requires us to assign 
to both the same cause and approximately the same age. In fact, all 
the low level gravels were probably deposited about the same time, 
just before or during the last great advance of the ice, for we find the 
glaciers in all the inlets overriding them, and they themselves cover old 
forests in many places.

The high level deposits occur in greatest development in Geikie and 
the three upper inlets of the bay. I did not see any indication of them 
in or south of Muir Inlet. They form a more or less thick lining, rest­ 
ing against the mountain slopes at all altitudes up to 1,000 or 1,500 feet. 
Their rough stratification appears horizontal, but probably slopes with 
the valley m which they occur. They are not perfectly continuous. 
They seem to have been deposited by streams flowing along the sides 
of the glaciers when the latter were much thicker than at present. 
Since the glaciers have become smaller, streams formed by rain and
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melting snow have cut numerous gullies in these deposits, causing a 
vertical, streaky appearance.

The difference between the low-level and the high-level deposits is 
not merely one of position; they have been formed under different cir­ 
cumstances. Tlie former were laid down either when the glaciers were 
small and stationary or when they were advancing, probably witb many 
oscillations; the latter when the glaciers were large, and probably 
when they were diminishing, though it is possible that they were laid 
down during the advance and have been overridden by the ice. This 
matter is still obscure. I measured the height ot ihese gravels at the 
upper end of Geikie lulet and found it to be 1,100 feet. This does not, 
however, necessarily mark the greatest height which the ice reached.

RECENT GEOLOGIC HISTORY OF GLACIER BAY.

In several places beneath the low-level gravels at the southern end 
of Sebree Island, in the Beardslee Islands, at the buried forest on the 
western side of Muir Inlet, and amoug the stumps exposed at very low 
tide 011 the eastern side of the inlet there is a smooth, stiff blue-gray 
clay. At the buried forest it must be 50 to 75 feet above tide, and Pro­ 
fessor Wright 1 says it is in some places 20 feet thick. What I saw of 
it in the Beardslee Islands was only a little above high tide. This clay 
and the deposits forming the lowland to the southeast of Glacier Bay are 
the earliest of the recent formations. I could not examine the latter; 
but it seemed to consist of moraiual material, indicating a very early 
invasion of the ice.

The blue clay resembles that which lies under Lake Erie and the 
deposit now being laid down at the bottom of Glacier Bay. Its mate­ 
rial must have been derived from glacial streams, arid its freedom from 
sand shows that the glaciers could not have been near by; so we infer 
that the glaciers were comparatively small. The fine texture of the 
clay makes it evident that it was laid down in still water; it therefore 
marks a period when the land was at least 75 feet lower than it is now, 
and perhaps more. After this came an elevation, and forests sprang 
up on the clay. They occupied most of the shores of Glacier Bay and 
extended some distance from the water, their remains having been 
found in place on both sides of Muir Inlet, on Sebree Island, on the 
western shore of the bay between Geikie and Hugh Miller inlets, and 
near Girdled Glacier. Stumps occur in place on the southern slope 
of the spur which bounds Girdled Glacier on the south. I did not 
notice them in July, but three weeks later they could not have been 
overlooked. I think they were exposed by a landslide of the gravels, 
which here are full of water and very loose. Pieces of wood were 
found on the northern side of this glacier, and detached logs have 
been found on the moraines coming from Adams and Casement glaciers, 
now regions of ice and snow; also on Uunatak G, 011 Sturgess and

i The Ice Age m North America, 1889, ]> 59
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Drake islands, in Geikie and Hugh Miller inlets, near Tidal Inlet, and 
in tbe upper part of the bay. This shows a very small extension of 
the glaciers and a milder climate than at present. Large trees are 
now found standing with their roots clasping old decayed logs, showing 
that these conditions must have lasted for several hundred years. I 
have already given my reasons for believing that this was only a few 
hundred years ago ' This forest landscape was destined to be destroyed. 
Floods brought down sand and gravel and covered up the trees, killing 
them, and leaving a desolate region. They were probably caused by 
increased precipitation, which at the same time made the glaciers creep 
out of their mountain fastnesses and fill the valleys. Gradually they 
grew, rode over the gravels, and united with others, until the whole 
region about Glacier Bay was one vast, gently-sloping field of ice, reach­ 
ing to and covering the Beardslee Islands. In the region of Muir Inlet 
the ice was about 3,000 feet thick, and at the upper end of the bay prob­ 
ably 1,000 feet thicker. Its appearance must have been very much 
like that of the upper part of Muir Glacier at present, only it was 
larger.2 It was apparently about m this condition when Vancouver's 
officers saw it 100 years ago, though the exact extent of the ice at that 
time can not be made out from their descriptions. It seems certain that 
the ice at its maximum did not extend to Bartlett Cove, for there the 
land is covered with a forest of great age, and that it did override the 
Beardslee Islands, for they bear only a few small trees of recent growth, 
and are sprinkled over with angular blocks brought there by the gla­ 
cier. The high sand bluffs and the steep ravines with sharply cut 
edges show that these islands have not been long exposed to atmos­ 
pheric denudation. It is probable that they were deposited by streams 
from the ice, perhaps during a short stationary period, and that the 
glacier then rode over them, but soon retreated, leaving the scattered 
moraine which we find on their surface. A large stream from the melt­ 
ing ice seems to have cut the channel which enters the head of Baitlett 
Cove. A slight subsidence may have deepened the channels between 
the islands (see p. 440).

The retreat of the glaciers must have begun 100 or 150 years ago. 
As the ice melted back on the islands it deposited a little moramal 
material, and its streams cut ravines. After getting free of the islands 
the glaciei had a magnificent front, 6 or 8 miles across, though its height 
was probably not much over 300 feet. 3 Large bergs must have broken 
off in great numbers and made Cross Sound difficult to navigate, which 
accords with Vancouver's report. In places, notably in Geikie. Rendu, 
and Queen inlets, streams held up by the ice against the mountain sides 
continued to deposit the high-level gravels there as the ice subsided,

>!Nat Geog Mag , Vol, IV, pp 38, 39
2 See a picture of the main ice stream of Muir Glacier in Nat G-eog Mag , Vol IV, p J3
3 Tbe highest ice cliff measured m Greenland is that of the Upornivik Glacier 349 feet This

remarkable glacier was found to move at the rate of 99 Icct a day in summer time See Pett rrnann 8
Mitteil , Vol XSXIV, 1888, p C8
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and thus coated large surfaces on the mountain slopes. Slowly the end 
of the glacier went back, leaving independent glaciers in the tributary 
valleys. In this way Muir and Geikie glaciers became independent and 
gradually retreated up their valleys, repeating the history of the great 
trunk glacier, depositing a thin coating of morainal material on the 
gravels, 1 and allowing their drainage streams to cut numerous channels 
in them as they became exposed. It was m this way that the terraces 
in the valley of Dying Glacier, near Camp Muir, and in Favorite Val­ 
ley were formed, and that the curious sand deposit near the latter val­ 
ley was isolated from the neighboring mountains, and tha't the many 
buried forests were exposed. We are still m this period of retreat; the 
glaciers are getting smaller and the inlets larger, and unless some change 
in the present climatic conditions occurs the length of the glaciers and 
of the inlets will have greatly changed 50 years from now.

Since the time when the forests grew in Muir Inlet there has been a 
subsidence of the land of at least 20 feet, for trees in place on the 
eastern shore of the inlet, which mnst have grown above high tide, are 
now exposed only when the tide is very low.

CHANGES IK MUIR GLACIER BETWEEN 189O AND 1892.

The positions of the end of Muir Glacier in 1880,1886, and 1890 show 
an apparently continuous recession at the rate of about 250 yards a year 
(see map, PL XCV a). Therefore, on my return to Glacier Bay in 1892 I 
expected to find the glacier's end still higher up the valley, and was much 
surprised that the ice front had advanced on an average 300 yards. 
Starting from the same point on the eastern shore which it reached in 
1890, the line of the end ran forward into a sharp point similar to that 
seen by Professor Wnght m 1886, then curved in again, and finally 
reached the western shore about 300 yards m advance of its former posi­ 
tion.2 The height of the ice clifis had not changed.3 The two wings, 
however, had melted back more than 100 yards. This very marked dif­ 
ference in the behavior of the middle and sides of the glacier drew my 
attention to the fact that they are really independent of each other are, 
indeed, almost distinct glaciers. The water front derives its supply, as 
shown by the moraines, from the mam ice stream of Muir Glacier and 
from its two northern tributaries, and these regions are still active 
accumulators of snow. The eastern wing receives scarcely any supply 
at all, for Dirt, White, and Adams glaciers end against the ice of the 
eastern part of Muir, but have not enough supply to carry their ice 
to the terminus near the inlet. The western wing was supplied by 
Morse Glacier, but is now receiving no ice. The movement of these 
wings is insignificant; their ends are not in a condition of equilibrium, 
receiving by flow as much ice as they lose by melting, but are nearly

'This superficial moraine is veiy Ueaily shown afc the noithem end of Hugh Millei Iiilet Its 
reddish color makes it easy, even at a distance, to distinguish it from the gray gra\ els underneath

^This form did not continue during the summer, on August 2 there was a tremendous breaking 
away of ice, especially from the point, obliterating this feature completely

3Photographs have reached me whicb sbow that the end of Mui Glacier had retreated in 1894 to its 
position in 1890
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inert masses of ice steadily melting away. This is shown, not merely 
by the melting back of the ends, but also by the lowering of the sur­ 
face. The portion of the glacier facing the water is 111 quite a different 
condition, for here the supply of ice is approximately equal to the loss 
by melting and breakage; and anything that alters, even in a slight 
degree, either of the factors, alters appreciably in a short time the 
position of the end. Suppose, for instance, some cause should double 
everywhere the velocity of motion of the ice, and that the rate of loss 
by breakage and melting should remain unaltered; the center of the 
glacier would advance about 7 feet a day, whereas the sides, which 
move only a fraction of an inch in a day, 1 would have their rate of 
retreat, about 5 inches a day, but slightly diminished. On the other 
hand, if anything should reduce the movement all over the glacier, the 
center would retreat much more rapidly than the sides. Mr. Prentiss 
Baldwin has mentioned tins difference between the center and sides of 
Muir Glacier.2 But, as I have already said, the great difference in the 
conditions of the regions from which the center and sides receive their 
supply of ice makes their variations in velocity also largely indepen­ 
dent of each other.

It is reported that during the winters of 1891-92 and 1892-93 there 
was an unusually large snowfall in Alaska. This would result in a small 
general increase in the thickness of the ice. For the region above the 
snow hue this is evident; and below, the ice would be protected from 
melting later into the summer than usual. We should expect from this 
a slight increase in velocity, causing an advance in the ice front and a 
smaller rate of melting back of the ice wings.

Can this explain the advance? Do glaciers respond so quickly to 
meteorological variations? We can not answer these questions at pres­ 
ent. Data are now being collected all over the world with the object of 
discovering the relation between variations of glaciers and of climate. 
(See p. 444).

Other changes which occurred between my two visits to Muir Glacier 
are the following: The stream which issued from the eastern end of the 
ice front 3 has divided into two branches; one enters the inlet below the 
water a hundred yards or so from the shore with such force that it rises 
8 or 10 feet above the general level of the water; the second branch 
comes in as an ordinary stream at the corner of the inlet, its channel 
for a short distance from the glacier's end being marked by a great 
depression of the ice. The inlet is growing wider by the cutting back 
of the gravel cliff's on both shores. Besides the general sinking of the 
two sides of the glacier 30 or 40 feet below the general level of the 
center, the crevasses on the eastern side approach nearer to the border 
of the ice than formerly. At the present time Morse Glacier scarcely

1 Nat Geog. Mag , Vol IV, p 45, where, however, a typographical error makes the movement 2 
inches instead of J inch 

2Am Geol , Vol XI, 1893, p 374. 
"Nat Geog Mag., Vol IV, pp. 32,42.
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connects on the western side with the Muir, and the depression between 
the two is occupied by a stream and quite a quantity of gravel deposits.

From the moraine which surrounds the end of Dirt Glacier there 
projects a long ridge of stratified sands and gravels an esker, evi­ 
dently deposited by a stream in a channel through the ice. It is about 
100 yards long, has a somewhat winding course, and rises 20 to 30 feet 
above the present level of the ice. This does not give its whole thick­ 
ness, for it extends to an unknown distance below the surface. This 
ridge did not appear at all in 1890, and either did not then exist or, 
what is more probable, was under the ice. It marks, therefore, a melt­ 
ing of not less than 30 feet from the surface of the ice in two years. 
(See PI. XCIII.)

In 1890 we camped for two or three nights on the northeastern side of 
Tree Mountain on a spur which projected into the glacier. On return­ 
ing in 1892 to this camp I found the ice, by aneroid, 40 feet lower than 
in 1890. This agrees fairly well with the estimate which I made, viz, 
a melting away of the surface of 15 feet a year and some additional 
sinking due to flow. 1 I was obliged to depend on my memory for the 
height of the ice in 1890, but as the marks of oar former camp fire still 
remained, which was not then more than 15 feet above the ice, I do not 
think a material error has been made.

CHANGES TO BE EXPECTED.

There are many parts of the Glacier Bay glaciers where the supply 
of ice is markedly not equal to the waste, and where, therefore, rapid 
shrinkage is taking place. Some of these places are: the two small 
valleys east of Snow Dome, Granite Canyon and Bndicott Valley, the 
40 square miles of Cashing Plateau, the Dying Glacier, the alpine end 
of the Charpentier Glacier, the piedmont portion of the Hugh Miller 
Glacier, and many small glaciers of less importance. The present state 
of the region as recorded in my map will enable us to follow these 
changes in the futuie.

The Hugh Miller piedmont glacier is probably melting away at the 
rate of 15 feet a year. Its upper surface is 950 feet above tide. Let us 
by a guess put its thickness at 700 feet and suppose that the supply of 
ice equals the quantity lost by flow. In 50 years it will have entirely 
melted away and the Hugh Miller Glacier will follow the course of 
what is now probably a deep channel leading to its tide-water ending, 
or it will end as an alpine glacier.

The Dying Glacier is probably less than 450 feet thick in the thick­ 
est part. If its protected position allows a loss by melting and flow of 
only 15 feet per year its valley will be free of ice in 30 years.2 The 
alpine end of Charpeutier Glacier has a slope at its end of about 15

i Nat Geoi; Mag , Vol IV, i> 38
2 My formal estimate was probably too small Nat Geog Mag , Vol IV, ]> 42
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degrees. If it is melting at the rate of 10 feet a year and is receiving 
little or no ice from behind, winch seems probable, it is receding at the 
rate of nearly 40 feet per year. Its greatest thickness, at its line of 
junction with the swiftly flowing part of the glacier, can not be more 
than 300 feet, so that it will have entirely melted away in 30 years.

Great changes may be expected in Endicott Valley. The observa­ 
tion at the side of Tree Mountain makes the rate at which the surface 
is lowering 20 feet a year. Between Tree Mountain and Girdled Glacier 
the upper surface of the glacier is about 1,400 feet above tide. If its 
bed slopes from Endicott Lake uniformly to Muir Inlet, its greatest 
thickness would be something like 1,000 feet; it can hardly be greater 
than this. At its present rate of sinking the ice will have disappeared 
from this valley m 50 years.

Marked changes may be expected in that portion of Muir Glacier to 
the east of a line drawn from Snow Dome to the eastern side of Muir 
Inlet. None of the tributary glaciers supply much ice to it, and by the 
time Endicott Valley is free of ice this region will probably also be 
uncovered and the glaciers now pouring into it, the Dirt, White, Adams, 
and Girdled, will be ordinary alpine glaciers.

The Gushing Plateau is receiving but little ice in comparison to the 
huge surface it exposes to melting, though its elevation, 2,000 feet, 
reduces the melting to perhaps 10 feet a year. The ice is also flowing 
off'in both directions, so that 15 feet a year seems a reasonable rate to 
assume for the lowering of its surface. It probably derived its ice from 
the northwest, when the nunataks which bound it on that side were 
entirely covered, and not from the small glaciers entering it from the 
south. The rather steep slope at its western end renders it improb­ 
able, I think, that its thickness exceeds 1,000 feet; so that apparently 
only 70 years will elapse before the disappearance of the ice from this 
region.

These very great alterations can, I think, be predicted with some 
confidence, for we have been dealing with regions which owe their ice 
to some source which no longer supplies it, and it is therefore steadily 
melting and flowing away. The question is not like that of the reces­ 
sion of an ordinary alpine glacier, the position of whose ends depends 
on the difference between the rate of melting and that of supply. Here 
the supply is practically cut off and we have merely to do with the 
waste, of which we can form a reasonably good estimate. Glaciers are 
apparently subject to periodic vanations of many different periods. 
The changes which I have described (pp. 438-440), if they are periodic, 
recur only after many hundreds of years. Upon these are superposed, 
probably, a variation of 35 to 50 years, and, certainly, annual and daily 
variations, though the last are too small to be observed. It is hardly 
likely that the smaller variations which will recur during the next 
hundred years will materially affect the above estimates of retreat

The rate of recession of the ice fronts is A much more difficult ques-
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tion, for although we may feel satisfied that the generally rapid reces­ 
sion which has prevailed for the last hundred years will continue for 
some time into the future, there will certainly occur temporary varia­ 
tions in the rate, and even short advances, such as was shown lately by 
Muir Glacier.

The study of the glaciers of the Alps has revealed a periodicity in 
their size; they increase, reach a maximum, decrease, reach a minimum, 
and begin again to increase, two or three times in a century. As differ­ 
ent glaciers begin their advance at quite different times, it is difficult 
to find the relation between their variations and meteorological changes. 
The general interest m this subject resulted in the appointment by 
the International Congress of Geologists at Zurich, in 1894, of a com­ 
mittee to collect information regarding the changes of glaciers in the 
various regions where they occur.1 In America, in addition to the 
great shrinkage since the Ice Age, we find evidences of a decrease 
in the size of glaciers in the last 100 or 200 years, such as have 
been described by Professor Bussell,2 by me in this paper, and by 
others; but we have not yefc recognized a variation of comparatively 
short period, like that found in the Alps. It is probable, however, 
that more frequent observations will show the existence of such a 
variation.

Theie are two glaciers in North America which are so frequently 
visited that we should be able to keep a pretty complete record of 
their changes. These are the Illecellewaet, in British Columbia, and 
the Muir. The map, PI. XCVw, shows the position of the end of the 
latter at four periods, and the stations TJ and M, from which I surveyed 
the ice front. M is on the projecting bluff about 300 yards north of 
Camp Muir. L is exactly opposite on the other side of the inlet, just 
north of the large gully 300 yards north of the end of the bluff, by 
which it can be easily reached. These stations are 2,670 yards apart, 
and are excellently situated for determining the position of the ice front. 
Two photographs from each of these points would be necessary to show 
the whole of the ice front and the lateral wings, and would be suffl 
cient to make a map of the end of the glacier. A single photograph 
from either point showing the opposite corner of the mlet would give 
definite, though much less, information. In taking the photograph 
the camera should be as level as possible (the swing-back should not 
be used), and the two pictures from the same station should be taken 
without changing the focus. Any such photographs sent me will be 
carefully kept and will serve as data for recording the changes in

] See Forel's reports in the Jahrbueh des Schweizer Alpen Club from 1881 to the present, and 
Richter's articles in Zeitschr des deutsch u Ost Alpen Verems, 1883 and 1891, also Journal of 
Geology, Vol III, pp, 278-288, where I have made a short resume of the results so far obtained and 
given methods of observation I shall be glad to send instructions to persons having the opportunity 
and the willingness to record the extent of any American glacier Address me at the Johns Hopkms 
University, Baltimoie, Md

"Climatic changes indicated by the glaciers of North America. Am G-eol , Vol IX, 1892, p 322
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the extent of Muir Glacier. On the photograph should be marked 
the station at which it was taken, the date, and whether or not a 
rectilinear lens was used. The longer the focal length of the lens 
the better, and negatives or positives on glass give more accurate 
results than prints. Photographs irom stations E or V would also 
be useful

VELOCITY OF MUIR GLACIER.

The very different rates obtained by Professor Wright in 1886 and 
by me in 1890 for the velocity of flow of Muir Glacier have been dis- 
cuss.'d by Professor Wright, 1 Professor Gushing, 2 and Mr. Baldwin.3 
The two latter, oue of whom was with me and the other with Professor 
Wright, liave both concluded that the observations are irreconcilable, 
and either that one set was in error or that there was a remarkable 
change in the motion of the glacier between our visits. If such, 
a change had taken place the quantity of ice breaking off from the 
glacier in 1S8G and 1890, respectively, must have been quite different. 
Allowing for a large temporary retreat of the glacier's end during the 
summer of 1890,4 1 find that the amount ot ice breaking off would cor­ 
respond to a maximum velocity of about 27 feet a day if the position 
of the ice front had remained unchanged. Professor Wright tells us 
that this was the case during his visit. According to his measure­ 
ments, therefore, there must have been more than twice as much ice 
discharged in 1886 as in 1890. This could not have escaped the notice 
of officers commanding the steamers which enter Glacier Bay. I 
wrote to Captain Carroll of the steamship Queen, who makes several 
visits annually to this region, and questioned him on this point. He 
answered: "For/the years 1890, 1891, and 1892 there was more ice 
coming from Muir Glacier than there was in any of the seven years 
previous to 1890. I never saw so much ice coming from the glacier, 
before or since, as there was in that year [1890J." His letter was dated 
May, 1893.

Again, if an increase of 1,000 yards in length corresponds to a tenfold 
increase in velocity, it is evident though the problem can not be solved 
as a simple proportion that when the glacier was several miles longer 
than at present its velocity must have been far greater than we can 
possibly admit.

These considerations, I think, make it probable that some undis­ 
covered source of error has crept into Professor Wright's observations.

The substantial correctness of my own measurements has not been 
questioned, and 1 therefore thought it inadvisable in 1892 to take the 
time from other observations to repeat them; but 1 should like to correct 
a misunderstanding on the part of Mr. Baldwin. He says: "* " Professor 
Keid made only two observations on his most rapidly moving flags, on

 Am Geol ,Vol X,p 317 'Ibid ,Vol XI, p 270 »Ibid , Vol XI p 366 
'Indicated on the map, PI SCVo «Am Geol, Vol XI, p 370
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July 21 and four days later." I made two independent determinations 
of the motions of the flags from July 21-24, and another from August 
4-8, making three independent sets of determinations of the move, 
ment of the ice near the center of the glacier; and these sets accord 
well with one another. 1

GIRDLED GLACIER.

This glacier presents some peculiarities which merit a careful exami­ 
nation. It flows down a somewhat narrow valley with a surface slope 
of about 6°, spreading out at its mouth, where it abuts against the ice 
of Mnir Glacier. (See maps, Pis. LXXXVI, XOIV.) The end is encircled 
by two moraines. The inner one is veiy thin and is made up of small 
pieces of the slate of the neighboring mountains. The outer one is of 
gray quartz-diorite, which material occurs about Granite Canyon. It is 
composed of large blocks, aud, unlike the inner moraine, rises some 20 feet 
above the ice outside of it, but only 5 feet above that inside; it is fringed 
by many flue examples of glacier tables. The breadth of each of these 
moraines and of the interval between them is about 400 feet. Outside 
of these is a third moraine, also of quartz-diorite, which comes out of 
Granite Canyon, passes almost half way around Girdled Glacier, and 
then suddenly changes its course and passes on to Muir Inlet.2

The inner limit of the inner moraine marks the junction of Girdled 
and Muir glaciers. The ice of the former, clean and white, with many 
air bubbles, is in strong contrast with that of the latter, which is free 
of air, and therefore looks much darker. The contrast is also increased 
by the moraine which here covers Muir Glacier. (See PI. XCV.) This 
contrast is not couiined to the surface, for the difference in the two 
kinds of ice is apparent in the crevasses, which intersect them both, as 
far down as one can see. The junction dips at an angle of about 00° 
toward Girdled Glacier, and the well-marked ribboned structure runs 
parallel with it. Clearly the ice of Muir Glacier is much older and has 
had more time to tree itself of air and become compact.

To determine the movement of the ice, six flags were set out on July 
30. One (No. 6) was on the Granite Canyon moraine, at the point where 
it changes its direction; a second (No. 5) was in the main stream of 
Girdled Glacier; and the other four were some 200 feet inside of the inner 
moraine. Knowing that the melting of the ice would soon cause the 
flags to fall, three small plates of sheet iron were placed about each one, 
for as these absorb the sun's heat well the ice melts more rapidly under 
than arouud them, and they sink in and are not blown away by the 
wind or displaced by slipping. This proved a satisfactory method of 
marking points in the ice.

Observations were made on the flags from the points JT and 8.
The flags were again set up, and observed on August 23, after an 

interval of 24 days, their proper positions being recovered by means of

1 Nat Goog Mag , Vol IV, pp 43, 44 
z Seeibid,Vol IV, Pis VI, XI
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the iron plates. The amount of the movement is given in the following 
table, the approximate directions being shown by the arrows on the 
map:

Table allowing motion of the flags in the ice of Gndled Glacier.

Flag

1. ...
2. ...
3. ...
4. ...
5. ...
6. ...

In 24 days

Feel
3 6
4 9
5 2
2 6
5 6
6 6

Per day

Inches.
1 8
2 5
2 6
1 3
2 8
3 3

The greatest angnlar change found was 6.5 minutes, and as the 
instrument read only to minutes the results can not be considered 
very accurate; but they show, first, that the motion is very slow; second, 
that we can look upon it as due to the natural spreading of the end of 
Girdled Glacier, superimposed on a general movement of all the ice 
toward Endicott Yalley. Flag 6, of course, shows only the second of 
these movements, and flag 5 only the general flow of Girdled Glacier 
The direction of this latter flow was assumed.

In my former paper I gave reasons for believing that Endicott Valley 
formerly contained a glaoei tributary to the Muir, and that, "the 
supply of snow having diminished in this region more rapidly than in 
the northwest, this tributary has diminished much more rapidly than 
the main glacier, until now the flow is actually reversed." 1

At the time of the greatest thickness of the ice Muir Glacier must 
have been a thousand feet higher than atpiesent in this region, receiv­ 
ing considerable supplies from Endicott Yalley and Granite Canyon. 
The encircling moraines probably found their way to Glacier Bay.

Very soon after the snowfall diminished, Girdled Glacier, having but 
small reservoirs in which to accumulate its supplies, brought down 
only a very little ice; its motion became almost as slow as it is now, 
and its pressure against the ice in front had but little effect, because 
the mass of that ice was so great. The most important change that 
occurred during the shrinking of the ice was the reversal of flow in 
Endicott Valley, which, on account of its large size, modified pro­ 
foundly the direction of motion over the eastern part of Muir Glacier. 
When this occurred the ice, carrying with it the moraines coming from 
Granite Canyon, swept around the end of Girdled Glacier into Endicott 
Valley at right angles to its former direction of motion. A great loop 
was thus formed in the moraines, one branch of which was deposited 
on the mountain side as the ice melted, the other being now repre­ 
sented by the moraines stretching from Berg Lake to Muir Inlet. The 
present Granite Canyon moraine has started on the same course, but

'Nat Geog. Mag., VolIV, p
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the exhaustion of the stores of ice in that canyon has so diminished 
the rate of flow that it has not progressed as far as the others. The 
smaller moraines to the east of it are in a more advanced, and those to the 
west in a less advanced, stage of plication. Although this explanation 
may be inaccurate in some details, I believe that it is essentially correct. 
There is one objection to it. We should expect the southern Berg 
Lake moraine to be composed of slate and the northern one of dionte, 
but we find just the reveisc in the portion of the moraines south of 
Girdled Glacier. However, a few miles to the westward, where the 
moraines are much disturbed and interrupted, the northern one changes 
in composition from slate^ to diorite. Though improbable, it is not 
impossible, that this one maybe the continuation of both the encircling 
moraines.

This is a very interesting example of several changes in a glacier due 
to a single change in climatic conditions. When the extent of the ice 
was at its height, Girdled Glacier was contributing its ice and moraines 
to the general system; when the precipitation diminished, it shrunk up 
and was entirely hemmed in by the ice from Granite Canyon, at a much 
higher level than at present. As this ice melted, the eifective pressure 
of Girdled Glacier against it increased, until now it is slowly pushing 
the ice before it, for the crevasses which radiate from the end of the 
glacier seem to indicate a yielding of the ice, just as the radial cre­ 
vasses at the end of the Khone Glacier result from the spieading out 
of the ice under pressure from behind. When in the course of 50 or 
100 years (see p. 443) the ice in front of Girdled Glacier shall have 
entirely melted away, there will still remain an alpine glacier in its 
valley.

HOLES IN THIS ICE OF GLACIERS.

At the time of my first visit to Muir Glacier I was very much puzzled 
by a series of holes in the surface of the ice, which 1 could not explain. 
They were seen principally on the sides of the glacier not far from the 
end, in ice too disintegrated to hold water. The holes were from a few 
inches to 6 or 8 feet deep, and from 6 to 18 inches in diameter, and 
dipped up the glacier at a steep angle. They had smooth sides and 
rounded bottoms. Many lay on lines of old fissures that had closed 
up, and many seemed connected in some way with the ribboned struc­ 
ture, the bands of which sometimes divided and lined the hole. They 
were quite clean inside, containing neither stones nor dirt, and could 
not have been due to absorption of heat by such objects. 1 could find 
no satisfactory explanation of their origin.

Similar holes on the Mer de Glace, in Switzerland, attracted the atten­ 
tion of Count Enmford as early as 1804. His description of one applies 
well to those I saw on Muir Glacier. He describes it as " a pit perfectly 
cylindrical, about 7 inches in diameter and more than 4 feet deep, quite 
full of water. On examining it on the inside with a pole, I found that its
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sides were polished and that its bottom was hemispherical and well 
defined. This pit was not quite perpendicular to the plane of the 
horizon, but inclined a little toward the south as it descended; 1 and in 
consequence of this inclination its mouth, or opening at the surface, 
was not circular, but elliptical." He then gives the statement of the 
guides that the holes are numerous and melt down from the surface in 
the summer, freezing solid in the winter. He ineutiQus no stores or 
mud in them, and thinks they are due to the deepening of some depres­ 
sions in the ice by the sinking of the surface water, made denser by 
being slightly warmed by the air, and the consequent melting of the 
bottom of the hole.2

I think it was Tyndall who objected to this explanation, on the ground 
that as the same amount of heat falls on an equal area of the surround­ 
ing ice as on the water in the hole, the surface of the ice should be melted 
down as rapidly as the bottom of the hole, and no deepening'should 
occui. Count liumford's explanation, however, is unnecessary.

One day in 1892, as I was crossing Mmr Inlet, I saw floating near my 
route a fine large iceberg of a glorious blue color, which had evidently 
not been afloat more than a day or two and which resembled the bergs 
broken from the glacier below the water. Attracted by its beautiful 
color, I landed on it to examine it more carefully, and was umch aston- 
islied to see that the ice was not solid, but contained numerous long 
holes, ranging from a few inches to 8 or 10 ieet in length, with a diameter 
from a tenth to a fifth as much. Some of these holes opened on the sur­ 
face and weie in every respect similar to those found on the surface of 
Muir G-lacier described abo\ e. Others were completely inclosed in the 
ice and filled with water, as I found by cutting through to one of them. 
This class of holes must therefore no longer be looked upon as a surface 
phenomenon.

Mr. John Muir has suggested to me that they were formed by the 
closing of crevasses containing water, and this seems to be the true 
explanation, for the, closing up of the intertwining crevasses of an ice- 
fall would undoubtedly leave cavities containing water, and the differ­ 
ential motion of the ice would draw them out into an oblong shape, 
with the upper part, where the motion is more rapid, carried slightly 
farther downstream than the lower part; and this is just the position 
the holes have on the surface of the glacier. Their appearance at the 
surface is, of course, due to the melting away of the ice above them. If 
they reach the surface where the ice is compact, small streams are 
pretty sure to carry some little mud into them. I think observers have 
thus been misled into classing them with holes sunk into the surface 
by the absorption of heat by this uiud. The existence of cavities of 
one kind or another below the surface of the ice has long been known. 
AgasMz's borer once, when at a depth of 30 meters, suddenly dropped

'That is it dipped upstream H ¥ H
2 PhiIoi Train lloj Soo , Vol XU1V, 1804, p 23, 01 Comp Works, Boston, 1873, Vul II, p. 1151
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60 centimeters, and air bubbles issued from the hole. 1 He says 
also that baignoirs in which there is no debris are probably due to 
the closing up of crevasses, but he seems to refer to holes of very 
oblong sections left at the surface when the lower part of the crevasse 
is closed, and not to holes formed below the surface and afterward 
exposed. 2

The existence of cavities containing water in the body of the glacier 
is a further confirmation, if "any is needed, of the fact that the winter 
cold does not penetrate very far below the surface of the ice.

MET/TING OF THE SURFACE OF MTJIK GLACIER.

In 1890 an estimate of the rate of melting was obtained from the 
apparent rise of stakes planted m the ice. The objection to this method 
is? that the bottom of the hole may melt, allowing the stake to sink, and 
thus give too small a melting rate. The ice where these measures were 
made was very porous, and the water could not collect in the holes, 
which diminishes the force of the objection. A better method sug­ 
gested itself and was tried successfully in 1892. Two holes about 
three fourths of an inch in diameter were bored into the ice, starting an 
inch or so apart near the surface and diverging at an angle of about 
60°. Kods were placed in the holes, and where they crossed each other, 
a little above the ice, they were notched and firmly bound together 
with wire, which kept the angle between them constant. The ends of 
the wire were twisted together and served as an index, their height 
above the ice being measured from time to time. If the bottoms of the 
holes melt, each stick prevents the other from sinking. If the holes 
melt on the sides and get larger in diameter, we get an upper and a 
lower limit for the melting by raising and lowering the sticks as far as 
the holes permit.'

Two pairs of such sticks near the end of the glacier showed each a 
melting rate of l.(i inch per day between July 15 and 20; a single pair 
showed 2.5 inches from July 14 to 15. During all this time the weather 
was cloudy and rainy. The observations of 1890, extending over 7 
days, give about the same average, viz., 2 inches a day.-5

A pair of sticks planted m the end of Girdled Glacier showed a melt­ 
ing of from 2 to 2| inches in one very bright day. The ice here ts white 
with air bubbles and is almost impervious to water. The melting 
increased the diameter of the holes containing the sticks and filled 
them with water, giving the limiting values of the melting mentioned. 
Where the ice is porous this method otters no advantages over that of 
a single vertical stake, but where the ice is pretty compact and all 
holes contain water it is much better.

1 SjBt GUc , 1847, pp 349,35U See also Dollius-Ansset, Mat pour 1'lStuile <les Glaciers, Vol V, 1864, 
passim

2 Syst Olac , 1847, p 100
3 Sat Gleog Mag , Vol IV, p 31
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MISCELLANEOUS NOTES.

I once found the stones m a small pool near the entrance of Tidal Inlet 
to be of a brilliant vermilion color above the water, which was clear; they 
looked as if they had been painted. It occurred to me that this color 
might be of the same nature as red snow, patches of which I had seen 011 
Morse Glacier; so I asked Dr. F. H. Herriek to examine it microscopically, 
and he found it to be a pure culture of Protocnccus nivalis.

I revisited the buried forest and secured a number of specimens of 
the wood and bark, which, with some specimens found on the eastern 
side of the inlet, Dr. Frank H. Knowltou, of the United States National 
Museum, has been good enough to examine. 1 He identities most of 
them as the spruce (Picea Sitchensis Carr.) or hemlock (Tsitga Merten- 
siana Carr.) now growing in Alaska. One specimen he considers 
uncertain, though he thinks it may possibly be a cypress. A branch 
found by Miss E. E. Scidmoie in the gravels on the eastern side of 
Muir Inlet he identifies as the common alder (Alnus rubra, Bong.), 
which has again become plentiful in the neighborhood since the retreat 
of the ice. Most of these specimens are remarkably fresh; one of them, 
Dr. Kuowlton says, is indistinguishable from recent wood.

Animal life is abundant about Glacier Bay; ravens, gulls, dueks, 
and ptarmigan were frequently seen, and one humming bud shot past 
us near the Girdled Glacier. Gronnd-hogs often startled us with their 
loud whistle, and traces of mountain goats and wolves were found, but 
the animals themselves were not seen by my pai ty. Some native hunt­ 
ers seemed to know exactly the size of the flocks on certain mountains. 
Fish seem to be entirely absent from the upper part of Glacier Bay, 
but the hair seal is hunted here by the natives. The most uiteiesting 
animal we saw was a large so-called blackflsh, an animal related to 
the whales.2 We were on the mountain side near the entrance of Geikie 
Inlet, about'lOOfeet above the water, when our attention was attracted 
by a hissing noise, and looking down we saw a large fish, which we 
estimated by comparison with our boat to be about 30 feet long, gliding 
rapidly through the water with no apparent effort. Two or three tunes 
it rose to the surface, spouted, and sank again, finally disappearing 
under the floating ice. It was like looking into a huge aquarium.

The almost continual cold wind from the glacier kept mosquitoes 
away from Camp Muir, but in some places they were very troublesome. 
One day on the shore of Geikie Inlet I could not keep still long enough 
to take a compass bearing without having half a dozen of them alight 
on my face.

In my former paper I stated that no crevasses were seen in the ice 
front to exteud as low down as the water of the inlet, and that no bergs 
gave evidence of having come from the bottom of the glacier. In 1892,

ijonrn ofG-eoI.Vo! III, 1895, pp 527-532

2 Probably Globwceptialus scammomi Cope Pall, Alaska aud it8 Resources, p 578.
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however, I did see one or two crevasses which reached the water line, 
and which must have been, therefore, about 175 feet deep.

Tlie alpine end of the Charpentier Glacier rests on gravels. lu the 
hundred feet or more between the glacier and Hugh Miller Inlet the 
gravels are streaked with uniform, straight, parallel grooves, a foot or 
two apart, which looked as if they had been plowed out, and in which 
flowed the water from the melting ice. I saw a berg m Muir Inlet 
which, though perfectly clean, had a furrowed surface corresponding 
exactly to the grooved gravels. This might have been due to unequal 
melting in the air or water, but the correspondence was so exact that 
it is highly probable that the beig came from the bottom at a point 
where the glacier rested on gravels. This is the only indication I have 
seen that ice ever breaks off from the bottom of Muir Glacier.

Berg Lake, formed by the damming of a side valley by the Eudicott 
Valley ice, had been somewhat drained when I saw it at the end of 
July, 1892. Stranded bergs showed that the water was not less than 
30 feet below its former level, and that this draining was recent <,vas 
shown by the fact that the bergs had not melted away. The partial 
discharge of the lake is probably not of infrequent occurrence. The 
glacier faces the lake in a cliff 50 feet or more high, having a semi­ 
circular outline. Behind, the ice is greatly crevassed in concentric 
lines, and this, with the slope of the surface, shows that the ice is 
moving toward the lake.

The determination of the horizontal intensity of magnetic force made 
at Camp Muir in 1890 gave a value of 0.150 c-g-s units. The instru­ 
ment which was then used was adapted only to determining the period 
of oscillation, and did not admit of observation of deflections. This 
was done some time later after my return. In 1892 I took with me the 
Case School magnetometer (see p. 459), and made a complete determi­ 
nation of this quantity at Camp Muir on August 28. I then obtained 
a value of 0.147 c-g-s units.

SOUNDINGS, TEMPERATURES, ANJJ ANALYSES OF WATERS,
MUIR INLET.

&O far as I know, observations on the distribution of temperature 
and the composition of the water close in front of a tide-water glacier 
have not been made. 1 My own facilities were so poor that I did not 
accomplish very much; still, some interesting results were obtained. 
My apparatus was as follows- Around a wheel C feet in circumference 
was wound the steel sounding wire, about .03 inch in diameter, kept 
in place by a sheet-iron flange 011 each side. The axle turned in cast- 
iron bearings mounted on a simple wooden frame which was fastened 
to the bottom of our small open boat. At one end of the axle was 
a crank and handle; at the other was fastened an ordinary speed 
counter to count the turns of the wheel. On one side the felloes

'Perhaps the Danea have made am li observations (&ee p 157)
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extended outside the flauge, aud in this extension was cut a groove, m 
which a cord was wound with the two euds fastened to the bottom of 
the boat; the pressure of the foot against this cord regulated its friction 
against the wheel, thus controlling the latter's speed. The sounding 
wire passed from the wheel o\er a pulley supported by a wooden strip 
at the stern of the boat, aud then into the water. About 15 pounds of 
iron weights were used as a sinker. With this arrangement a sounding 
could be very easily made. The wire was allowed to run out about '2 
fathoms a second, and was wound 111 again half as fast.

For temperatures, Negretti and Zainbra. deep-sea thermometers were 
used. Three of the^e instruments were lent me by the United States 
Commissioner of Fish and Fisheries. The frames with the arrangement 
for reversing I had made specially. They were of the usual form.

The bottles for collecting specimens below the surface had the form of 
those described by Lieut. Commander Z. L. Tanner, 1 slightly simplified; 
they were brass tubes about 10 inches long and J mches in diameter. 
Two light circular discs, with leather washers, connected by a rod, served 
as valves to close the ends of the tube. When the bottle was descend­ 
ing the valves would open; when at rest they would close by their own 
weight. A light framework fastened to the top of the bottle carried a 
screw with vanes so bent that when the bottle began to ascend through 
the water the screw would be forced down against the valves and hold 
them tightly closed. The sciews of the water bottles and thermometers 
had ratchets which prevented their turning in the wrong direction; 
and therefore the reversal of the thermometers would not be delayed, 
nor the water bottles reopened, if there was an interruption in the 
steady winding m of the wire.

The method of procedure was as follows: One of the men held the 
oars and kept the boat as nearly as possible from shifting; the second 
man managed the sounding wheel; I sat m the stern and attended to 
the instruments. The thermometer was fastened to the wire by a 
string covered with rosin, 1 fathom above the sinker, and the water 
bottle was attached just above this. The position of the boat was deter­ 
mined by compass bearings, and then the wire was allowed to run out. 
The friction brake acted well; the wheel did not make more than a half 
revolution after the sinker reached the bottom. The speed counter then 
gave the depth, which was recorded. Five minutes were allowed for 
the thermometer to take the temperature of the surrounding water, 
and the wire was then wound m. The valves of the bottle were lilted 
and the specimen allowed to flow thiough a funnel into a numbered 
glass bottle. The thermometer was read and readjusted, and all was 
ready for a second determination. The apparatus was compact and 
worked excellently, the only difficulty being the unsteadiness of the 
boat, which required us to make our movements with great care.

Twenty-three specimens in all were taken, at five different stations;

1 .Report of United Stiles Commissioner ot Fish and Fisheries, 1883, pp 66-08



454 GLACIER BAY AND ITS GLACIEES.

these stations are marked in the map, PI. XC Va, by the small letters b, c, 
d, e, f, with the corresponding depths in fathoms. On returning home I 
determined the specific gravities of the clear liquid at the temperature 
at which it was collected, referred to water at 39° P. (4° C.), by the 
method of Ditinar.a Dr. A. W. Smith, of the Case School of Applied 
Science, Cleveland, Ohio, then kindly determined the amount of sedi­ 
ment and the amounts of chlorine and of sulphuric anhydride, and the 
total quantity of solids remaining after evaporation, per hundred grams 
of the clear liquid. Dr. Smith writes as follows- "The sediment was 
dried .at 100° C. and weighed on a tarred filter. Chlorine was obtained 
by titrating 10 grams with standard silver nitrate solution, using 
JLzUrOt as indicator. Sulphuric anhydride was obtained by the usual 
precipitation method, and weighing as barium sulphate; 50 grams of 
water were taken for this. For solids at a red heat, 10 grains were 
evaporated in a platinum dish on the steam bath, then carefully heated 
to a dull red."

The, observations and determinations are collected in the table; the 
numbers of the specimens show the order in which they were collected. 
The third column gives the depth in fathoms at which the specimen 
was obtained; the numbers marked with an asterisk (*) are 1 fathom 
less than the depth of the water at their respective stations.

Table givmy analyses oj Mmr Inlet 'waters.

Nnm 
berof 
sped 
men

8
7
6
 5 i
4
3
o
8' J

1J
12
11
1C
0'

18"
17
16
15
14 ' 
20 «
19

1 '
92 8

26
21

St,l- 
tlOIl

I
b
b
I
li
b
li
b .
(,
c
c
c
c-
(/
d
il
d
d
e
e
a
ff

f  

Depth 
in lath 

cms

Surf
5

15
30
50
70
98*
<M*

Suif
10
30
00

102-
Surf

10
30
50
84*

Surl
04*
84-

Suit
2055*

Scdi 
went, 
grains 
per 

liter

09
0 32
7 28
7 38
7 93

10 88
7 61

05
5 28
9 13

12 98
12 77

07
4 06
6 16
6 41
7 21

53

6 57
2i

2 94
4 2ii

Temp , 
cleg I'

37 8
37 7
37 7
il 5
38 3
33 t
JO 7
37 5
38 4
37 <J
37 5
37
34 5
66
38 5
87 0
38 9
38 5
30 5
38 5
39
37 4
J9 ii
38 9

Hp gr

1 0150
1 0189
1 0186
1 0184
1 Olh7
1 0185
1 0188

1 0174
1 01 96
1 0183
1 Ol&ii
1 0171
1 0064
1 0194
1 0186
1 0196
1 0187
1 0098

l" 0194
1 0100
1 0208
1 01!00

Cl, 
grams 

per 
kilo

10 41
li 10
12 92
12 89
13 03
12 89
16 00

12 11
13 59
12 57
11 2Q
11 01
4 30

13 59
12 99
13 42
1-i OJ

6 83

13 4<J
7 08

14 51
14 37

&<>3 , 
grams 
per 
kilo

1 074
1 410
1 490
1 468
1 522
1 528
1 500

1 574
1 464
1 522
1 050
1 388

022
1 018
1 538
1 596
1 458

746

1 1)62
son

1 5'I2
1 646

Total 
solids 
at reel 
heat, 
per 
kilo

18 28
22 24
22 80
22 00
22 90
22 70
22 IS

20 66
24 46
22 04
19 51
19 94

7 65
24 18
22 81
24 20
22 89
11 90

23 6i
11 81
25 11
24 88

Approximate 
distance 

trom glacier

Kilo 
meters

.

5

1 3

l a5 ls

Miles

f

i  

I-
i
(

I B
1 8

I
P 1

1 8 ' 1 1
j
\ 2 4
'

{"

1 Collected about one hour before high tide
3 Collected about one hour after wpecimen 2, boat must have di ifted somewhat
3 Collected at high tide
* Surrounded by ice, strong surface < urrent to westward
6 Collected two hours beloie high tide
6 Collected one hour before high tide, strong suiface current to south westward
7 Collected at about low tide
8 Collected a little beloie high tide

'Challenger Reports, Vol. I, p 55
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Residts. An examination of the table shows:
1. There is on the surface a thin layer of water marked by low specific 

gravity and salinity. This layer was observed generally to have a 
strong current out of the inlet. Itns thin, for no trace of it is found 
at a depth of 5 fathoms at 6, or of 10 fathoms at c and d. This is 
evidently the water from the streams and melted ice somewhat mixed 
with the salt water of the bay.

2. The low temperature, specific gravity, and salinity of the two lowest 
specimens of station c, and the large amount of sediment they contain, 
show (since these conditions do not hold at b) that a subglacial stream 
empties in this neighborhood.

3. Excepting the waters considered in the last two paragraphs, there 
is a slight increase in temperature, specific gravity, and salinity as we 
go farther from the glacier. This simply shows a progressive mingling 
of the glacier water with the water of the bay. The difference in these 
quantities between the stations /j at a distance of 1£ miles from the 
glac:er, and b and c, at a distance of one-fourth of a mile, is so small 
that we are justified in inferring that the water is quite saline and rela­ 
tively warm in the immediate neighborhood of the ice, and that the 
melting thus produced is the principal or whole cause of waste near 
the bottom of the glacier. The rate of waste and the rate of flow 
determine the distance the ice extends. 1

4. Except at station b the water does not seem to be well mingled, 
but exists in layers of slightly greater or less salinity. This is well 
marked at d, where the variations m temperature, salinity, and specific 
gravity seem to show that the incoming tide is thrusting forward a 
number of tongues as it advances. The differences in specific gravities 
are not sufficient to produce distinct currents. In calculating the 
pressures which tend to produce currents we must use the specific 
gravity of the water with the sediment in suspension. The specific 
gravities thus determined showed a great uniformity, varying between 
1.0222 and 1.0J30 in all my specimens except those collected at the 
surface, which were lighter.

5. The average temperature is about 38°. The lower surface temper­ 
atures at d, e, and / are due to streams or melting ice. A temperature 
of 33.5° was found near Caroline Shoals, in the midst of much floating 
ice. When the tide is out the ice front shows a recession between tide 
limits, due to melting under water. The increase in temperature and 
salinity below the surface makes it evident that this melting is not 
confined to the limits between which alone it can be seen. The low 
surface temperatures are not characteristic of the bay generally. At 
the head of Tidal Inlet I found a temperature of 48°, although the 
stream from Dying Glacier emptied near by. Bergs in the bay showed 
the effect of the higher surface temperature there by strongly marked 
melting just below the water line. 2 (See Pi. XCVI.)

1 Nat Geog Mag , Vol IV, p 47
3The cause of the low temperature of specimen 2 is not apparent, 8', taken an hour later at nearly 

the same place, marks 2° higher
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G. The amount of sediment increases from the surface downward, and 
decreases as we go farther from the streams supplying it, as the natural 
results of settling. Specimen 3 is an exception; there are reasons for 
questioning the accuracy of this determination, but the matter is not 
of sufficient importance to state them.

7. The soundings show a considerable depth. The sounding of 120 
fathoms at a was made by Captain Oarroll in 1890, when the ice did 
not extend as far as in 1892. The other soundings in the inlet were 
made by me in the latter year. Stations 6 and c, about one-fourth of a 
mile from the ice front, were as near the glacier as I thought it safe to 
venture. What most stnkes us is that the water is deeper near the 
glacier than farther off. The station marked g is the fifth of a series 
taken from Camp Muir outward, which showed depths of 43, GO, 73, 76, 
and 85 fathoms, respectively. I have not marked the others on the 
map, as their positions were too roughly determined. The position of 
the western subglacial stream makes it probable that a great depth 
does not occur between y and the western shore of the inlet. We have 
seen that the amount of sediment in the water diminishes as we go 
farthei from the glacier, which means, of course, that it is deposited. 
We are thus led to infer that the inlet opposite Camp Muir has been 
riled up to the extent of 15 fathoms or more since the ice retreated 
from it about 10 years ago. This seems a very rapid rate, but is not 
without precedent. Professor Brewer' states that the depth of a hole 
in the channel of the Mississippi River near its mouth had been reduced 
40 leet by sediment in less than a year, though how much less he does 
not say. This rapid deposition is due to the presence of salt water, 
which causes flocculation and rapid settling of the fine sediment. My 
former estimate was that the streams from Muir Glacier carried into 
the inlet an amount of fine matter equivalent to the annual abrasion of 
three-fourths of an- inch over the whole bed of the glacier, 3f>0 square 
miles.2 If we suppose all of this to be deposited over the 4 square 
miles of the inlet within 3 miles of the end of the glacier (and this does 
not seem improbable in view of the small quantity found at/, which is 
1£ miles from the ice, and which on account of its position just below 
the eastern subglacial stream is better supplied than the rest of the 
inlet at the same distance), we should find an annual filling up of 10 
feet, assuming that equal parts of the volume of the mud are occupied 
by water and by the solid particles. This is about the proportion of 
the volume occupied by the particles in clays. 3 In ten years, therefore, 
we should have a deposit 100 feet thick. This estimate accounts satis­ 
factorily for the difference in depth observed. It is possible, however, 
that it is too large (see p. 458). It will be a matter of some interest to 
see whether this rate of deposit is kept up during the next ten yeais.

'Subsidence of particles in liquids, Mem Nat Ac jcl rtoi, Vol II, 1883, j> 170 
2 Nat Geog Mag, \ ol IV, p SI
3 Soil Investigations, bj Prof Milton Whitne^, Fourth Auii Kept Mar^ laud Agric Expei Station, 

p. 260
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Indications of the lapidity of deposition were seen on the beach near 
Camp Mmr. If while the tide was flowing out the water remained 
undisturbed for an hour or so, the beach was left with a covering of 
fine mud; but if winds or the calving of bergs produced waves, this 
mud was carried away and the beach left sandy. Alternations of quiet 
and disturbance sometimes left bands of alternate mud and sand.

The surface of the north Pacific Ocean opposite our station has a 
temperature in August of almost 50° F. and a specific gravity of 1.0250.1 
The specific gravities of the denser of my waters when reduced to the 
same temperature is about 1.0165 (specimen 5).

It will be found by comparison that my waters contain in solution a 
little more than half as much salts as the waters collected by the Chal­ 
lenger in various parts of the ocean,2 and that the proportion of 01 
and SO3 to the total salts in solution is about the same in my waters 
and 111 those of the Challenger.

I have, unfortunately, not had access to the original reports of the 
Danish explorations in Greenland; but Dr. Kink gives a resume of their 
work. 3 In the neighborhood of latitude G5° they found in the fiords a 
temperature ranging from 40° F. to 45° F. at the surface, and 29° to 
32° at the bottom. The water was fresher at the surface than at the 
bottom. The amount of total salts in solution varied from 26.8 grams 
to 33.5 grams per kilogram, which is somewhat greater than in my 
specimens. The amount of sediment found in Sondre Stromfiord was 
only 0.77 grams per liter, about one-tenth of that in Muir Inlet. It is 
probable that a much smaller amount of water is dischaiged from the 
Greenland ice into the fiord named than is discharged into Muir Inlet, 
resulting in much gi eater dilution of the sediment. The amount of 
sediment in a stream flowing into the Isortok Fiord from the inland ice 
was only 0.44 grams per liter, whereas Professor Wright's examination 
of the water from a stream flowing from Muir Glacier 4 shows, when 
reduced to the same units, 12.12 grams per liter. My specimens 9 and 
10 contain still more. Does this mean that the rock under the ice in 
Greenland has been thoroughly cleaned off by the long occupation by the 
ice and that only a small amount of abrasion is going on there, Avhereas 
the short time Muir Glacier has covered its bed has not sufficed to allow 
it to clear away all the debris, which it is still grinding up and dis­ 
charging in its streams? This is a question which we can not answer; 
nor is the information that Dr. Rink gives sufficiently detailed to allow 
us to draw any very reliable conclusions from the above compaiisons. 
The differences, however, are sufficiently marked to be mentioned. 
Helland 5 has given the quantity of sediment in the waters from a num­ 
ber of glaciers. In the outlet of the Alangordleck Glacier, in Green-

1 Bergbans's Physikal Atlas
2 Cballenger Reports, Vol I, pp 25,41, and 43 
"Petertnann'sMitteil ,1888, Vol XXXIV, p 09 
4 Ice Age in North America, p 64 
'Heim'aGIetscherkunde, p 363
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land, there are 2.37 grams of sediment per liter. In the stream from 
the Laugedal Glacier, in Norway, there is only 0.513 gram per liter. 
These are the two in Holland's list which, in their respective countries, 
have the greatest amount of sediment. Both of these determinations 
were made ID July. The stream from the Unteraar Glacier carries 
0.142 gram per liter. 1 It appears, therefore, that Muir Inlet and the 
stream from Muir Glacier are far more loaded with sediment than any 
other glacial waters so far examined.

Another comparison is interesting. The total amount of sediment 
annually carried out from the Unteraar Glacier, in Switzerland, equals 
6,000 cubic meters (7,850 cubic yards); from the Justedalsbraen, in 
Norway, 69,000 cubic meters (90,200 cubic yards); 2 and from the Muir 
Glacier 15,600,000 cubic meters (20,400,000 cubic yards). This estimate 
for Muir Glacier is based only on summer observations of the amount 
of sediment in the water, and is somewhat too large; nevertheless, it 
is strikingly greater than that for the other glaciers mentioned.

TIDAL OBSERVATIONS.

The oscillations of the land in Alaska have not been sufficiently 
observed to give us any definite information as to what is now taking 
place. The submerged stumps in Mmr Inlet indicate that this region 
has sunk in comparatively recent time, wherea.s the raised beaches 
reported by Mr. Enssell in Yakutat Bay mark a recent elevation there.3 
The topographical unity of the St. Elias and Eairweather ranges makes 
it probable that the latter also is still being or has lately been raised.

In order to aid in tlie solution of this problem, I decided to make 
observations which would give the present height above mean tide 
of a fixed mark in Glacier Bay. I selected a point at the entrance of 
Tidal Inlet which was well adapted to the puipose. A limestone knoll 
rising abruptly from the water offered a good surface for the bench 
mark. A small, steep beach enabled the tide poles to be set up not 
very far apart, and the natural breakwater aiound the entrance to the 
inlet kept the water very smooth, except 011 one occasion, when.waves 
3 or 4 inches high interfered with the accuracy of the observations.

The method employed is that given in Sir Wyville Thomson's Voy­ 
age oi the Challenger, Vol. I, p. 80, which consists of nine observa­ 
tions of the height of the tide, so distributed as to annul the daily solar 
and lunar inequalities. They are all made in 32 hours and 32 minutes, 
and their average gives a very fair value for the height of mean tide.

The range of the tide amounted to about 23 feet. We could not take 
with us a pole of that length, and therefore took two, each 14 feet long. 
They were placed at different distances from the shore, so that the 
height of the water could always be seen against one of them. Some-

1 HeimN Gletschorkuncle, p 363
'Ibid pp 363, 164
3 Kat Geog Mag , Vol III, p 82
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times the outer one was completely submerged, sometimes the inner one 
was high and dry. They were painted white and marked by black lines 
2 cm. apart. Three guy-ropes fastened to heavy stones held each pole in 
place. The observations, which consisted merely in reading theheight of 
the water on the pole, and later determining the vertical height of the 
bench mark on the rock above this reading, were commenced at 7.45 a m. 
on July 9, 1892, and finished the next afternoon. The bench mark is a 
black cross, each arm 2i inches long, surrounded by a black circle 
touching the ends of the arms. A second black circle 2(> inches in 
diameter surrounds the fust, the space between the two being painted 
red. This mark can be easily found; it is on the eastern side of the 
gray limestone knoll which lies at the southern side of the entrance to 
Tidal Inlet. Just how long this mark will remain it is hard to say, 
but the center of the circles can be found even after much of the paint 
has worn off. It would be well if a future traveler would make a sec­ 
ond mark some years hence and determine its height relatively to mine. 

The results of my observations show that the center of the cross was 
3.668 meters, or 12 feet 5 inches, above mean tide. The observations 
were made during spring tides; the barometric pressure varied between 
30.35 and 30.45 inches. A complete set of these observations lias been 
sent to the United States Coast and Geodetic Survey.

TI-TE STJKVEY.

During the summer of 1892 the United States Coast and Geodetic 
Survey stationed observers at Tacoma, Sitka, and Port Mulgrave to 
determine the latitude and longitude of the two last-named places and 
of Monn c St. Ehas Chronometers were carried by the steamship Queen 
between Tacoma and Sitka. I took advantage of this to compare my 
chronometer with those on the Queen when she was in Glacier Bay on 
July 28 and August 10. Local time was determined with a 3i-im;h 
Casella transit by altitudes of the sun. The mean of these compari­ 
sons gives me for the longitude of Camp Muir 136° 4.1' W. The lati- 
tnde, as determined in 1890, is 58° 49.7' N.

The topographical survey was made with the plane-table, supple­ 
mented by transit, prismatic compass, and photographs. It is by means 
of the latter that I have been able to draw the 500-foot contour lines 
on the land and the 250-foot contours on the ice. I took these photo­ 
graphs with an ordinary camera, without expecting to measure them; 
therefore they do not give as accurate results as they would if an 
especially prepared camera had been used.

The plane table rested on a light aluminum mounting, which screwed 
on to the tripod of the transit. The latter, made by Casella for the 
Case School of Applied Science, with 3J-ineh horizontal and vertical 
circles, had the telescope mounted on a brass plate fastened to the 
divided circle by three screws, so that it could be easily taken off and 
fastened to the ruler of the plane-table. A second plate, bearing a
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magnetometer box and telescope, could be mounted on the transit circle. 
(See p. 452.) This interchange of parts diminished both the cost and 
the weight of the instruments.

The chief difficulty in the survey arose from our very slow means of 
travel; this made it impossible in general to place signals at stations 
before occupying them. It was thus necessary to sight on some promi­ 
nent object, such as a large rock, which was often difficult to identify 
on appioachmg it. Peaks offered the best meaus of locating a station 
by Bessel's three point method or by the aid of a bearing which had 
already been taken. The frequent occurrence of cloudy weather inter­ 
fered very much with the work.

The line from E to D, which was determined in 1890, was taken as a 
base. By triangulation from this the line C-X 1 was found to be 5,964 
meters (6,522 yards); this was the base for the plane-table work. The 
map was made on a scale of 1.100000 and is reproduced on a small 
scale as PI. LXXXVI. It is to be engraved on a scale of 1:250000, 
and will then become a sheet ot the Geologic Atlas of the Dinted 
States. The region surveyed in 1890 is included in this map. Muir 
Glacier and tlie middle part of the bay are more accurately portrayed 
than the three upper inlets and the region near the bay's mouth.

The Granite Canyon and Endicott Valley moraines, the approximate 
positions of which were shown in niy former map, are now fairly accu­ 
rately drawn. Three stations were determined on the first of these by 
the three-point method, and corresponding points on the others were 
fixed by pacing. The eastern end of JSTunatak I, where they are all 
united, was already accurately fixed.

The altitude of Muir Glacier at the divide near Tree Mountain was 
determined by aneroid barometer. In 1890 we found 1,240 feet for this 
height; in 1892, 1,400 feet. I have adopted the latter, though it may 
well be 100 or 200 feet m error. The altitudes of Snow Dome and Tree 
Mountain have been corrected from my photographs.

The regions in the southeastern and northwestern parts of the map 
delineated in black are drawn from charts of the United States Coast 
and Geodetic Survey and from information given in the Pacific Coast 
Pilot, edition of 1891.

Where possible the names of islands in Glacier Bay were taken from 
British Admiralty chart "From Port Simpson to Cross Sound." Keid 
Inlet was named by the United States Board on Geographic Names. 
Mr. Muir gave many names in this region, and I have retained them 
all except Main Valley, which I have changed to Bndicott Valley, as 
the stream in it is evidently the source of the Endicott River, emptying 
into Lyim Canal. I have named the tributaries of Muir Glacier after 
my companions of 1890.

The soundings in the bay were made by Captain Oarroll. They are

1 There are two knolls near the southern end of Sebree Island higher than any other part of the 
island , my station X was on the northern one C is the highest point of Garfortli IsUud
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placed only approximately on tbe map. The numbers indicate the depth 
in fathoms.

The map of Girdled Glacier (ri. XCIV) was drawn on a scale of 1:10000 
and reproduced on a scale one-half as large. The point on the moraine 
marked'' flag 6" was determined by the three-point method (usiug peaks 
C2, c6 , 64 , and 67 ); and bearings were taken on stations N and 8. The 
station S was then completely fixed by the angle measured between 
flag 6 and peak c6 . This distance from flag 6 to c5 was taken graphic­ 
ally from my general map. The distances flag 6 to 8 and 8 to N were 
calculated through the proper triangles; the latter (1,228 meters) may 
be looked upon as the base-line for the survey of the Girdled Glacier 
moraines. The scale is probably a few per cent wrong. The positions 
of the flags were found by the transit, and the borders of tlxe moraines 
in their neighborhood by pacing. The level of the ice just outside the 
encircling moraines was taken at 1,400 feet. The height of the other 
points above this were determined by aneroid. The ccntour hues are 
only approximate, but can not be far wrong.
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SOME ANALOGIES IN THE LOWER CRETACEOUS OF 
EUROPE AND AMERICA.

BY LESTER F. WABD.

INTRODUCTION.

The subdivision of the Cretaceous by the English and Continental 
geologists differs iu the one particular, that while the former make the 
Upper Cretaceous begin with the Gault the latter make it begin with 
the Cenomanian. The Lower Cretaceous consists in England of the 
Wealden beds resting upon the Purbeck, and the Neocomian proper 
corresponding in the main to the Lower Greensand. The Continental 
geologists usually divide it primarily into the Neocomian and Urgo- 
niaii, but M. Lapparent subdivides the Neocomian into theValangmian 
and the Hauterivian and reduces the Urgonian to the equivalent of the 
Atherfleld and Punfield beds of England, giving the remainder to the 
Aptian. His Albian corresponds to the Folkestone beds and the Gault.

The object of this paper is to inquire whether the Lower Cretaceous 
beds of America present any analogies to those of Europe as thus 
denned. The best known of these are the Potomac formation of the 
eastern United States and the Comanche of Texas and adjoining 
States. Even these have been recognized only a short time, and 
it was formerly supposed that there was nothing in America corre­ 
sponding to the lower members of the Cretaceous, the Dakota group 
being placed at the base of our Cretaceous and the Amboy Clays 
made equivalent to it, both of which were regarded as equivalent to 
the Cenomanian. Almost simultaneously with the proof of Lower 
Cretaceous strata in Virginia and Texas came similar proof of their 
existence in Alberta and on the Queen Charlotte Islands. The former 
of these districts is that in which the now somewhat well-known Koo- 
tanie beds were discovered. More recently the Kootame formation has 
been recognized in the United States, viz, on the upper Missouri 
Eiver in the vicinity of Great Falls, Mont. It is also probable that the 
lower portion of the Cretaceous of the Black Hills which has yielded 
gigantic cycadean trunks, much silicifled wood, and a large number of 
fossil plants of Lower Cretaceous types, belongs to the Kootame forma-
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tion, 1 Lower Cretaceous strata are also now known to occur on the 
Pacific Coast, the Shasta formation belonging to that horizon, The 
Tuscaloosa formation of Alabama and Mississippi was long supposed 
to he very low in the Cretaceous, and was definitely correlated by 
Dr. C. A White 3 with the Potomac formation in Virginia. But large 
collections of fossil plants from the Tuscaloosa beds prove that they 
can not be much lower than the Amboy Clays or Raritan formation of 
New Jersey.

"With the exception of the Comaiiche series and the Pacific Coast 
deposits above referred to, the palcontological evidence .of the age of 
all these beds is almost exclusively that of their plant remains, and the 
few shells that occur in them indicate either a, frcsh-watev or brackish- 
water condition and seem to prove that they are for the most part 
estuarine or delta deposits. The case is somewhat the same in Europe, 
the entire Wealden and much of the Neocommn proper being of fresh­ 
water origin, or at least having been deposited in somewhat shallow 
water. The American beds, except in Texas, consist chiefly of sands 
and clays, often hardening into sandstones and clay-shales, and are 
devoid, for the most part, of calcareous matter. In Europe, on the 
contrary, nearly all the deposits are partially calcareous and there are 
some true limestones.

Having devoted four years to a somewhat careful study of the Lower 
Cretaceous of America, and especially of the Potomac formation, but 
including field studies in the Tuscaloosa formation of Alabama, in the 
Comanche series of Texas and Arkansas, and in the Kootame of Mon­ 
tana and the Black Hills, and being somewhat familiar with the rich 
fossil flora of this general horizon as developed in America, chiefly by 
Professor Fontame, Dr. J. S. Newberry, Dr. Arthur Hollick, and Sir 
William Dawsoii, I felt more and more strongly the importance of com­ 
paring the conditions prevailing in this country with those of England 
and the Continent. This feeling, taken in connection with the practical 
necessity of seeing the collections from this horizon in the several 
museums of Europe, determined me to spend a portion of the past sea­ 
son there in the investigation of this question. What I accomplished 
was of course very slight, as I was only absent from this country two 
months,fully half of which was spent in transit and in attending scientific 
meetings. In fact, the only field work undertaken consisted of three 
excursions to critical localities, the first to the Isle of Portland, the 
second to the Isle of Wight, and the third to an important locality near 
Bologna, in Italy, in the valley of the Eeno, where the "Scaly Clays" 
(argille scagliose) are best exposed. In the limited time at my disposal 
I decided, I think rightly, that the careful examination of a few such 
classical localities, the most typical of the entire Lower Cretaceous 
period, would be more profitable than a rapid survey of a much wider

1 See Science, New Series, Vol I, New York, February 1, 1895, pp 137-138 
"Bull. U S Geol Surv No 82 ConeUtion Papers Cretaceous, j> 217
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field without opportunity of closely examining any part of it. The 
remainder of the time at my disposal was spent in the museums of 
Europe in an inspection of the important types of fossil plants from this 
general horizon, especially in the careful study of the cycadean trunks 
in the British Museum, the Paris Museum, and at the University of 
Bologna, together with the microscopic preparations that have been 
made of this class of material. To this I may add here the bare mention 
of a visit to the south of France to inspect the Lower Cretaceous mate­ 
rial lately collected m Portugal and then in the hands of the late 
Marquis Saporta, of which more will be said later. I shall confine 
myself chiefly to the three countries mentioned, viz, England, Italy? 
and Portugal, and speak of them in that order.

COMPARISON OF THE POTOMAC FORMATION OF AMERICA 
WITH THE WEALDEN OF ENGLAND.

In the last annual report of the United States Geological Survey, 
pp. 307-341, I have set forth somewhat in detail the strati graphical 
relations of the Potomac formation. These need not be repeated here 
at length, and I shall confine myself to those more general considera­ 
tions which furnish points of comparison between America and Europe. 
It is not, of course, to be expected that in countries so remote from 
each other the more detailed conditions will possess sufficient similarity 
to admit of comparison, and all that can be claimed, and that which 
properly constitutes the thesis of this paper, is that there do exist cer­ 
tain very general resemblances between the Lower Cretaceous strata of 
America and those of Europe. In one sense it is, of course, true that 
all sedimentary deposits the world over and throughout all geologic 
time have certain broad characters in common; but it is not with these 
that I propose to deal, but with characters which, though general in 
one sense, may be looked upon as specific in another; characters not 
common to all sedimentation; characters scarcely recognizable in 
Paleozoic deposits, and also differing widely from what we find in the 
Tertiary or Pleistocene age, and therefore to some extent confined to 
the Mesozoic confined even to the Cretaceous, and in a great degree 
to the Lower Cretaceous. For example, it would seem that, at the 
beginning of the period at which the Cretaceous system is by common 
consent fixed, conditions existed on both sides of the Atlantic favor­ 
able to the production of large estuaries or lakes, in which were depos­ 
ited heavy beds of sands and clays differing radically from anything 
which had preceded them, as well as from what followed them. In 
most cases the lower portions of these estuarme, fluviatile, or lacustrine 
deposits consist mainly of sands, while the upper portion consists 
mainly of clays; but throughout the sands there occur interstratified 
seams of clay, and throughout the clays layers of sand, while in general 
all sands are somewhat argillaceous and all clays somewhat arenaceous. 
This, as 1 have shown, is certainly the case in the Potomac formation
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of the Atlantic border; it is also true of that extension of the Potomac 
known as the Tusealoosa formation of the Gulf border. The trans- 
Mississippi extension of the same system known as the Comanche 
series differs in the important particular of having heavy beds of lime­ 
stone; but so far as I am aware the Kootanie formation is nowhere a 
marine deposit.

We will consider first the Potomae formation and examine a few of 
the descriptions which have beeii made of its characteristic materials 
by those who are most competent to speak in this connection. Prof. W. 
B. liogers, when State geologist of Virginia, thus described the sand 
and sandstones in the vicinity of Predericksburg:

In composition they are merely a mixture of quartz and feldspar, iii rather loose 
cohesion the feldspar often decaying rapidly on exposure. In some varieties, the 
rounded pebbles are not larger than birdshot; in others, they attain a diameter of 
many inches. In certain localities, the sandstone has a fine, close texture, suiting it 
for various useful purposes, and is employed to a considerable extent in building. 
The quarries in the neighborhood of Fredcricksburg and Aquia Creek present beds 
of great thickness of a homogeneous rock of this description, of which extensive use 
has been made in some of the public edifices in Washington, Richmond, and else­ 
where. In the superior portion of these beds, lignites, silicified wood, and vegetable 
impressions are, frequently to be seen. 1

Prof. William M. Pontaiue, describing the coarse sandstones of the 
James Eiver system, says:

The greater portion and the finer matter of the beds is a sort of incoherent grit, 
composed of grains of quartz, particles of feldspar in all stages of decomposition, 
and scales of mica, all mingled together without sorting and devoid of lamination, 
forming a mass without bedding, but penetrated by numerous and intricate false- 
beddiug planes. 2

Mr. W J McGee, in the original paper in which he named the Poto­ 
mac formation, thus described its general characteristics:

It is made up of fine, homogeneous, plastic clay, sand of various degrees of fine­ 
ness, gravel, sometimes coarse and again fine, and occasional bowlder beds, \vliich 
materials are sometimes indiscriminately intermingled, but generally occur as dis­ 
tinct strata or beds somewhat irregular in altitude, but exhibiting a general inclina­ 
tion of a few degrees to the eastward. 3

In a notice of the above-quoted work, about the same date, Mr. 
McGee thus somewhat slightly expands his description of the Potomac 
formation:

In structure and composition it is bipartite, the upper portion consisting of 
highly colored banded and mottled clays, with intercalations of sand and quartzose 
gravel, and the lower of sand and gravel with intercalations of clay. In both divi­ 
sions stratification is inconstant and often absent, and the materials are sometimes 
indiscriminately intermingled. The formation is practically destitute of fossils in 
the District [of Columbia], but yields abundant plant remains in Maryland and Vir­ 
ginia. It appears to consist of inosculating deltas of the Potomac and other Atlantic

'Geology of the Virginias, p. 70.. 
zAmer. Journ. Sci., 3d ser., Vol. XVII, 1879, p. 230.
3 Report of the Health Officer of the District of Columbia for the year ending June 30, 1885, Wash­ 

ington, 1886, p. 20.



 WABD] COMPARISON OF POTOMAC WITH WEA.LDEN. 473

Coast rivers and the littoral deposits into which they merge, laid down along a bay- 
indented coast upoii a highly inclined and irregular sea-bottoni produced by com­ 
bined depression and seaward tilting of a deeply corroded land surface in late 
Jurassic or early Cretaceous time. 1

Describing the Predericksburg sand in a later paper Mr. McGee says:
It consists predominantly of locally lithifled arkose with abundant pebbles either 

irregularly disseminated or arranged in bauds and neds, and numerous bowldeis of 
gneiss and vein-quarts (quartzite being altogether absent) up to two feet or more 
in diameter, together with heterogeneous sand containing a considerable element of 
finely divided diffused clay; while lenticular beds oi clay are frequently intercalated 
in both aikose and sand, and in some exposures constitute the major part of the 
rnass 2

His latest utterance on this subject, so far as I am aware, is as follows:
The basal formation of the coastal plain scries (the Potomac) outcrops along the 

fall line from the Delaware to the James as a heterogeneous mass of sand, clay, arkose, 
and quartzitic or quartzic gravel. The arkose unquestionably represents the neigh­ 
boring Piedmont crystallines; the quartzite is evidently derived from the extensive 
Paleozoic liedb forming the Blue Ridge; the quartz represents the veins by which the 
Piedmont crystallines are frequently intersected.'5

I have myself shown 4 that the Potomac formation consists in its most 
general aspects, and considered from base to summit throughout its 
entire extent, of the following subdivisions, which, though not always 
present at all points, occur in the order named and possess substan­ 
tially the characteristics assigned to them:

T. The James River series. Beds of dark, sometimes greenish, clay,
 weathering red or purple. When dark and carbonaceous, usually plant- 
bearing, often appearing as lenses in heavy beds of coarse saud.

II. The Rappahannock series. Coarse feldspathic sand and sandstone, 
usually separated by thin layers of more or less argillaceous shale, 
often plant-bearing.

III. The Mount Vernon series. A local bed of chocolate-colored clay, 
superposed upon the last-named member, yielding a peculiar flora.

IV. The Aquia Creek series. Alternating sands and clays, the latter 
laminated and usually plant-bearing, the former much finer and softer 
than the feldspathic sand of No. II, but consisting largely of that 
member redeposited.

V. The Iron Ore series. Highly colored, mostly red, purple, or mot­ 
tled plastic clay, usually massive and nonfossiliferous.

VI. The Alb^rupean series. Alternating sands and clays, more or less 
regularly interstratitied, the sands much finer than in any of the lower 
members, the clays often carbonaceous and plant-bearing, sometimes of 
a light-drab color. At the top of the Albirupean series occurs what I 
call the Island series, confined to Staten Island, Long Island, Marthas

'Amer Journ Sci , 3d ser , Vol XXXI, .Time, 1886, p 474
2Amer. Journ Sci ,3(1 scr ,Vol XXXV, February, 1888, p 128
'Geology of Washington and Vicinity, by W J McGee, etc , Compte rendu du Congres Geologiqne 

International a. Washington en 1891, p 237
4Tho Potomac Formation, Fifteenth Annual Report, U S Geol Surv , 1893-94, Washington, 1895, 

pp 307-397
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Vineyard, etc., consisting of reddish clays, in which ferruginous nod­ 
ules occur holding plant remains. These clays sometimes take the form 
of red ferruginous shales, usually micaceous, scattered slabs of which 
found on the beaches of Long Island and Staten Island have yielded 
fossil plants.

In making the proposed compansons between the Lower Cretaceous 
of America and Europe I shall, for the sake of compactness, limit 
them chiefly to the Potoinac formation of the United States and the 
Wealden of England. Too little is known of the Lower Cretaceous of 
other parts of America to make it profitable to discuss it, while the 
deposits classed as Wealden in wther parts of Europe are not always 
satisfactorily identified with the Wealden of England, knd an attempt 
to describe them would add little to what can be gained without this. 
It is evident that in a comparison of this kind the term Wealden must 
be given a somewhat wider meaning than that which is now commonly 
applied to it by the English geologists. That is to say, the scope ot 
the formation will depend upon the point of view from which it is 
considered. From its fossils alone it is restricted to those deposits 
which he between the Purbeck below and the Atherfield and Punfield 
strata above. But when the subject is considered from the point of 
view of the origin of the beds and the manner in which they were laid 
down it becomes impossible thus to restrict it, and we are obliged to 
embrace under the term Wealden the whole of the Purbeck beds below, 
and those transition beds above, which do not properly belong to the 
true marine ISTeocomian or Lower Greensand. We thus have a clear 
and well-defined geological unit, although the fossils of the Purbeck 
indicate that these beds belong to the Jurassic, while those of the tran­ 
sition beds mentioned are very different from those of the Wealden. 
This affords another good illustration of the importance of the princi­ 
ple of "dual nomenclature" in geology, according to whether we are 
considering phenomena from the standpoint of age or time, or from the 
standpoint of geological integrity.

In reviewing the history of the Wealdeu it will be convenient to look 
at it from two points of view, viz, first, as to its mode of formation or 
deposition, including the question of whether the beds are of estuarme, 
fluviatile, or lacustrine origin; and secondly, as to its materials; under 
both of which heads I shall give descriptions that occur in works of the 
prominent geologists of England.

The earlier geologists, who were apt to be influenced by the broader 
considerations, generallymchned to class the Purbeck with the Wealden. 
This was notably the case with Dr. Mantell in his numerous works 
dating back to his Geology of Sussex, 1822; also with Dr. William Fitton 
in his extendedpaper on the Strata below the Chalk.' Mr. C. J. A.Meyer 
as late as 1872 also took substantially the same position. 2 Indeed, as

'Trims Geol Soo London,2(1 ser , Vol IV, 1835, pp 103-388* (seep 159). 
"Quart. Joum Geol. Soo London, Vol XXVIII, 1872, p 243.
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we shall see, all geologists when discussing the origin of the Wealden 
beds have been driven to this assumption. 1

ORIGIN AND MODE OF DEPOSITION OF THE WEALDEN.

For a long period geologists were so intent on determining the age 
of formations by means of their contained fossils that very little atten­ 
tion was paid to beds in which such fossils were absent. And during 
about the same period animal fossils were considered to be almost the 
only ones of any value for this purpose. It is natural, therefore, that 
geological investigation should have been in the main restricted to 
marine deposits, and certain beds of great thickness which were not 
laid down in deep water were largely ignored. Such was the case with 
the Wealden of England, and but for the circumstance that this for­ 
mation actually did yield a considerable number of animal remains it 
 would have doubtless been still worse neglected. Dr. Mantell was 
almost the only one to lay stress on the vegetable remains and to insist 
that they had a geological importance. The history of American geol­ 
ogy has even more strongly emphasized this tendency on the part of 
geologists to leave out of view the fresh-water deposits of the country, 
and it is only within quite recent times, and especially since paleobota- 
nists have directed their attention to them, that they have begun 
to receive adequate consideration. Professor Huxley had observed 
this tendency, and in his paper on Hyperodapedon read before the Geo­ 
logical Society'of London on January 13, 1869, he was led to make 
the following significant remark:

At present our knowledge of the terrestrial faunsB of past epochs is so slight that 
110 practical difficulty arises from using, as we do, sea-reckoning for land time, but 
I think it highly probable that sooner or later the inhabitants of the land will be 
found to have a history of their own mixed np with that of the sea, indeed, but 
independent of it, in some such relation as the histories of England and that of 
France. 3

Mr. Godwin-Austen, in the address already referred to, realizes this 
fact, and expresses himself in the following language:

Great periods, dnnng which wide marine conditions prevailed, alternated with 
others of wide terrestrial surfaces. The marine periods, as we measure them by the 
products of the agents which &eas and oceans call into action, rnnst have beert of 
vast duration. In like manner we may feel assured that the great freshwater forma­ 
tions are not, as some geologists have supposed them, mere subordinate parts of tho 
great marine groups, as, our " Wealden" of the " Cretaceous," but rather true inter­ 
mediate groups, of equal geological value with them in the estimate of past time 3

We may next consider the various expressions of geologists relative 
to the origin of the Wealden. Dr. Fitton said that "The mode in which 
the Wealden is disposed, in the southeast of England, accords with the

'See Topley, Geology of the Weald, 1875, p. 321, Godwin-Austen, Brit Asa Eept, 42cl Meeting, 
Brighton, 1872, Ft II, p 93, Philhps's Manual of Geology, Ft II, by Robert Ethendge, Londou, 1885, 
p 505

"Qu.-.rt Journ Geol Soo , London, Vul XXV, 1869, p ISO
»Bnt Asan Kept, 42d Meeting, Brighton, 1872, Ft II, p 91
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hypothesis of its having originated in a lake of fresh water, or in the 
estuary of a large rivei."' Dr. Mantell regarded the Wealden as "the 
delta of a river, composed of the spoils of a vast continent, of which no 
other vestiges remain." 2 Messrs. Robertson, Murchison, Wood, and 
Meyer have further ably discussed this question, some maintaining 
tbat the Wealden is a purely lacustrine formation, but most of them 
admitting a greater or less connection of the Wealden waters with those 
of the sea. The last author named stoutly defends what he calls the 
fluvio-lacustrme character of the strata, and remarks :

To the fliivio-lacustrme origin of the Wealden strata which I propose to advocate, 
many objections may of course be raised; but these I shall not anticipate, the objec­ 
tions to their purely flitviatilo or estuanne origin appearing to mo to be of greater 
weight. The exceedingly quiet deposition of much of the sedinientary strata, the 
almost total absence of shingle, the pievalence, both numerically and specifically, of 
such species of molliisca as delight most in qniet wateis, the comparative absence 
throughout the greater portion of the series of broken shells such as always abound 
in tidal rivers, and, I believe I may say also, the total absence of any trace of drift­ 
wood perforated by mollusc* in either the Pnibeck or Wealden strata, all beem to 
me to point to the same conclusion namely, to the accumulation of such strata 
beneath the waters of a wide bnt shallow lake, whose superfluous waters during the 
middle Wealden ei a escaped, indeed, to the sea, but only by some narrow outlet, and 
whose area -was perhaps occasionally, though raiely, invaded by the ocean 3

Judging from these statements and many others that might be 
adduced, it seems sufficiently clear that the Wealden of England, in 
the broad sense in which I use the term, can not widely differ in its 
mode of deposition from the Potomac formation of the United States, 
which is usually referred to as of estuanne or fluviatile origin, and 
which is in fact undoubtedly a combination of these two, the waters of 
the Potomac sea having consisted chiefly of extended estuaries similar 
to the Chesapeake and Delaware bays, which may be regarded as sim­ 
ply the widening of the principal river systems (Susquehanna, Dela­ 
ware, etc.) flowing into them. The evidence in the case of the Potomac 
formation points much more clearly to this condition than it does either 
to a purely lacustrine origin or to a delta formation; although there 
may have been at places bodies of waters which were not thus entirely 
open to the sea but which possessed a somewhat constricted outlet, while 
at other points the deposits may have been near the head of these great 
estuaries, where the conditions partake more nearly of the character of 
a delta.

The remarkable fact is that the two great deposits on the east and 
the west sides of the Atlantic were, so far as can be judged from all 
the evidence at hand, practically synchronous. It is true that in the 
Potomac formation we have thus far discovered no beds whose organic 
remains prove them to have been actually Jurassic in age correspond-

i Trans Geol Soc , London, 2d ser , Vol IV, 1835, p 324
' Geology of the Isle of Wight, Loiidon, 1847, p C5
'Quart Journ Geol Soc., London, Vol XXVIII, 1872, p 243



WAED] LITHOLOGICAL CHARACTER OF THE WEALDEN. 477

ing to the Purbeck; but it is also probably true that we have never as 
yet found any exposures of the absolute base of the formation, a^ 
there is much evidence to show that the lowest beds known are still 
further undei lain by thick deposits of unknown character which could 
only be discovered by borings farther out on the coastal plain than any 
that have yet been made. This is because the deposits were formed 
during a period of loading and consequent subsidence, as a result of 
which the landward margin has the form of a wedge, those deposits 
nearest the margin being of a later date than those formed farther out 
m the Potomac sea.

LITHOLOGICAL CHARACTER OF THE WEALDEN.

Having thus seen that the Potomac and the Wealden are not only 
practically of the same age but also of the same empeirogemc origin, 
we will next consider their stratigraphical and hthological character. 
The Purbeck beds, which constitute the lowest deposits of the greater 
Wealden, are best exposed on the Isle of Portland and the Isle of Pur­ 
beck. They have been so frequently described and are so well known 
to geologists generally that it scarcely seems necessary to dwell upon 
them, and it need only be said that they consist of fresh-water lime­ 
stones, clays, shales, and sandstones, and include two very remarkable 
swamp deposits known as the "dirt beds," which have furnished the 
well-known trunks of cycads, and in which are inserted the roots of 
great coniferous trees, whose trunks rise above the overlying shales 
and have been an object of interest for ages. The apparent distinc­ 
tion between the Purbeck and any known deposit of the Potomac by 
the occurrence m the former of calcareous deposits is in a great meas­ 
ure removed upon the hypothesis that the lime occurring in these 
deposits is not the result of organic life at the period, but is merely 
derived by erosion from the underlying limestones of the Portland. 1

The Wealden proper consists, as already remarked, of alternating 
beds of sands and clays, of which the sands predominate below and the 
clays above. The lowest beds were called the Hastings Sands by Dr. 
JTitton in 1824, as a substitute for the less correct names, "ferruginous 
sands" and "iron sands," which had previously been applied to them. 
These are now further subdivided and are found to contain clay seams 
of considerable thickness, notably the Wadhurst Clay, interstratifled 
between the Ashdown Sand and the Tunbridge Wells Sand. Dr. Fitton 
says: "The Hastings sands in the Isle of Wight may be described as 
consisting of an alternating series of beds of sand, more or less abun­ 
dant in ferruginous matter, aud containing courses, generally in coii- 
cretional form, of calcareous grit, with beds of clay, much mixed with 
sand, of a greenish or reddish hue, or of a mottled and variegated 
appearance." 2 Mantell's description of the Tilgate Grit and Hastings

i See Godwm Ansteu ID Brit Ass Kept, 42d Meeting, Brighton, Pt II, 1872, p 93 
* Anuah of Philosophy, Vol VIII, New Ser., London, 1824, p 377
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Sands is as follows: "Fawn-colored sand and sandstone; with beds of 
calcareous grit; blue clay, marl, and lignite." 1

It is remarkable that this basal sand of the Wealden, like that of 
the Potomac, is often indurated into a sand rock, winch in both cases 
sometimes becomes a workable freestone and is used for building 
purposes; 'although m neither case is this building stone of a very 
excellent quality.

The so-called Weald Clay, which succeeds the lower and more sandy 
deposits, bears perhaps a still greater resemblance to the red and 
mottled clays of the upper portions of the Potomac than do the 
Wealden sands to the Potomac sands. It was this that particularly 
struck me on my visit to the Isle of Wight. Before examining the 
Wealden deposits I had seen the celebrated cliff at Alum -Bay, which 
has been so often compared by American geologists with the cliff at 
Gay Head, Marthas Vineyard. The resemblance is certainly sinking 
at first glance, but a careful examination quickly indicates radical dif­ 
ferences. On the contrary, the more one studies the red clay of the 
Wealden on the southwest side of the island the greater the resem­ 
blance becomes, not especially with the beds of Gay Head, which are 
so considerably tilted as to lender the comparison less exact, but with 
the vast masses of this highly-colored clay that occur in the Potomac 
formation in Delaware and Maryland. The principal distinction is in 
the greater degree of lamination in the Wealden strata; but almost 
complete identity presents itself in cases where these strata have been 
broken down and lie in the form of talus at the base of the cliff. Where 
this talus is of long standing an alteration has taken place which ren­ 
ders the mingled materials far more homogeneous, gives the clays a 
much more plastic character, and distributes the color in streaks and 
blotches precisely similar to those of the Potomac mottled clays. This 
fact strongly suggested to my mind that the greater part of our 
Potomac clays of this character may have undergone a secondary depo­ 
sition, and there are many other facts that tend to confirm this view. 
The descriptions of the mottled clays of the Wealden that we find in 
the books are sufficient of themselves to suggest to the student of the 
Potomac formation a close relationship. It is often referred to as 
"variegated clay," but where more specifically described the numerous 
hues of red, pink, purple, etc., are always mentioned.2

It is not to be expected that the special subdivisions of the Wealden 
and Potomac could be made to correspond any more nearly than is 
indicated by the general statement already made that the sands pre­ 
dominate below and the clays above. Clay seams are found quite low 
down in the lowest members of the Wealden, but nothing would be

1 Geology of the Isle of "Wight, 1847, p. 63
2 See Fitem, Trans Geol Soc, London, 2d ser.Vol IV, pp 185, 199, 200, Mantell in Quart Journ. 

Geol Soc , London, Vol II, 1846, p 02, Frederick Drew, op cit.Vol XVII, 1861, p 273, Meyer, op cit, 
Vol XXVIII, p 247, Topley, GeoL of the Weald, 1875, pi v, facing p 4, p 06, Bristow, Geology 
of the Isle of "Wight, 2d ed , 1889, pp. 3,5,6,15,16
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gained by attempting to compare these with the heavy beds of greenish 
and purplish clays that lie at the present known base of the Potomac.

If we assume tha.t the Purbeck beds correspond to buried portions 
of the Potomac which have not yet been brought to light, the corre­ 
sponding parts of the Wealdeu, looked at from below upward, are: 
(1) the Ashdown Sands, 400 or 500 feet; (2) the Wadhurst Clay, 120 to 
180 feet; (3) the Tuubridge Wells Sand, 140 to 380 feet; and (4) the 
Weald Clay, 1,000 feet.1

My own estimate of the thickness of the Potomac formation, as made 
in the last Annual Report, footed up 1,175 feet, 2 of which over 500 feet 
are assigned to the lower or more sandy portions; but in the Potomac 
formation there is evidence of great erosion during the period, and 
if all could be measured there is no doubt that the thickness would 
be increased to 1,500 or 2,000 feet. The measurements of the Wealden 
'have been increasing from year to year, that of Etheridge in 1885 
bringing it up to 1,800 feet; the more elastic estimate of Geikie, just 
given, would make it range between 1,660 a>nd 2,000 feet. In general, 
then, it may be safely said that so far as is at present known the Poto­ 
mac formation of the eastern United States and the Wealden formation 
of England are of practically the same thickness.

So far as the Atherfleld and Puufleld beds are concerned, they may 
be compared with certain partially marine deposits, immediately suc­ 
ceeding the highest Potomac beds. There is much evidence that the 
process of deposition was not abruptly changed in passing from the 
one to the other. There are certain localities, as on the eastern shore 
of the Chesapeake and on the south side of Raritau Bay, where this 
gradual transition is very noticeable, the Clay Marl of the New 
Jersey geologists (Matawan formation of Clark) being, at least at its 
base, only slightly glauconitic, and containing abundant lignite and 
other vegetable remains and a very meager fauna. It must not, how­ 
ever, be inferred that these American transition beds are of the same 
age as the Atherfleld and Puufleld beds of England. They correspond 
more closely with the Upper Greensand, which is regarded as of Ceiio- 
manian age, or Upper Cretaceous, and there seems to be nothing in 
England at all analogous to our Newer Potomac, which is about the 
age of the Gault.

In searching for a map of the Wealden of England I have not been 
able to find one among the more recent works that seemed to serve the 
present purpose as well as that of Dr. Pittou, published in connection 
with the paper I have so often referred to on the " Strata below the 
Chalk." 3 The essential portion of this map is given ID PL XCVII.

1 Archibald Geikie, Text Book of Geol, 1882, p 817
2 Fifteenth ADD Kept U S Geol Surv ,1893-94, pp 339,340, fig 3 
"TraDs. Geol Soc , LoDdon, 2d ser , Vol IV, 1835, pi ix
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The Isle of Wight has entered so largely into the foregoing discus­ 
sions that I have thought it appropriate to exhibit a small map of it. 
Here again I have found the more modern maps too detailed for my 
purpose and have used the excellent one that accompanies Dr. Mantell's 
Geology of the Isle of Wight (see PI. XCVIII).

I have also leproduced from the same work Ms ideal section of the 
dynamic conditions attending the deposition of the Wealden beds (see 
Fig. 67).

COMPARISON OF THE FOSSIL FLORAS

The Lower Cretaceous of England, while much richer in animal 
remains, is far less rich in vegetable remains than that of America. In 
fact, so few of the former have been found in this country, and these 
few have so little significance for geology, that any comparison that 
might be undertaken would be of slight value. Still the few vertebrate 
remains fonnd in the Potomac formation ot Maryland are of Saurian 
types not widely different from those of the English Wealden. It will, 
therefore, be necessary to limit the comparison to the floras of these 
respective areas. In America nearly a thousand different forms of 
vegetable life have been brought to light, many of which remain to be

SOUTH J^LC." ̂ i^^^ff^^'^:->^^^^^^f^^£&l^m^~^^NOIiTH.

CChaZK..
TTertutry

FIG 07  Weal section of the Wealden of England, from Mantell's Geologv of the Isle of Wight, 1847.

described, but over eight hundred species are already reco'rded in the 
different memoirs thus far published and in preparation, more than 
seven hundred of which are embraced in the Potomac flora. These are 
from a considerable number of horizons extending from the Basal beds 
of the James River to the uppermost deposits of the Earitan formation, 
which must lie very close to the line that should mark off the Lower 
from the Upper Cretaceous. In these upper beds we have, as has been 
shown in the paper already referred to, 1 a great dicotyledonous flora 
which has no representative in the English Lower Cretaceous. The 
few forms that have been collected from the Upper Greensand and 
Gault in England are nearly all coniferous, and thus far not a single 
dicotyledonous foim has been reported from that country below the 
Eocene. Our comparisons will therefore be practically with the Older 
and Middle Potomac, the Trinity of Texas, and the Kootanie of the 
Northwest. As a basis for the discussion I introduce here a table of 
the Wealden flora, as complete as I am able to make it at this date, 
showing its distribution not only in America, but in other parts of the

> Fifteenth Ann. Kept U S Geol Snrv , 1893-94, pp dU7-d97
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world. Eighty distinct forms are embraced in this list. They include 
2 algae, 2 fucoids, 1 liepatic (Marchantites Zeillen Seward), 1 Chara 
(C. Enowltoni Seward), 3 equiseta, 23 ferns, 22 cycads, 24 conifers, 1 
monocotyledonous plant (Dracccna Benstedi Koenig), and some unde­ 
termined seeds.

Tins list will probably be considerably extended when Mr. Seward 
shall have completed his studies of the Wealden flora, of which he 
has thus far published only the cryptogamic species. 1 He will doubt­ 
less also find reason for making extensive changes in the names here 
introduced, some of which are very old and badly in need of revision. 
Mr. Seward has confined himself exclusively to the Wealden in its 
restricted sense, and the bulk of the material at his disposal has been 
recently collected by Mr. P. Rufford from beds in the vicinity of Hast­ 
ings. He has, however, worked over all the old mateiial in the British 
Museum, and done the best that was possible tf ith the older collections 
of Mantell, Webster, Fitton, and Buckland, and has embodied the later 
researches of Carruthers and Gardner. Unfortunately, however, many 
of the old types are lost, or at least their whereabouts are not now 
known, so that when not figured their identification is difficult.

I have in this table, as in the foregoing geological discussion, taken 
the broader view of the Wealden, and included the Pnrbeck beds below 
and the Atherfield beds above, and in order better to compare the 
flora with that of the United States I have included the Lower Green- 
sand and the Gault. These constitute the first six columns of the 
table, in immediate juxtaposition with which I have placed the Lower 
Cretaceous of the United States, arranging the Potomac beds in their 
ascending order (James River, Eappahannock, and Aquia (Jreek), 
followed by the Trinity and the Kootame, in all of which English 
Lower Cretaceous plants occur. The Kootame of Canada is doubtless 
the same in age as that of Montana, aud I have not therefore thought 
best to give it a separate column. In order to bring the most nearly 
related beds as close together as possible I have made the general 
distribution begin with the Wealden, and find it to include France, 
Germany, Austria, Moravia, and New Zealand. Then follow those 
deposits which are classed as Neocomian in Westphalia, Portugal, and 
Kussia, the Urgouian of Portugal, Austrian Silesia (Wernsdorf beds), 
and Greenland (Koine beds), the Aptian and Albian (Gault) of Portu­ 
gal, and the Gault of England (Folkestone), Belgium (Hainaut), and 
Westphalia, terminating the comparison with the equivalent Lower 
Cretaceous deposits. The distribution, however, extends to the higher 
Cenomanian deposits of England (Upper Greensand), Saxony (Nieder- 
schoena), Bohemia, and Greenland (Atane), and to the Senoman of 
Germany (Westphalia, Blankenburg).

' Catalogue of the Mesozoic Plants in the Department of Geology British Museum (Natural History). 
The Wealden Flora, Part I Thallophyta Ptendophyta, by A C Seward, London, 1894
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The Triassic and Jurassic distribution embraces the Buntersandstem 
of the Vosges, the Ehetic of Bavaria, the Lias ot England, Bornholm, 
and Hungary, the Jurassic beds of China, India, and Australia, whose 
proper position it is difficult to assign, the Oolite of Yorkshire and of 
Spitzbergen, the Upper Jurassic beds of Portugal, which are perhaps 
the equivalent of the Kimnieridge clays, and those Mesozoic deposits 
of Japan from which Yokoyama and Nathorst have obtained so many 
fossil plants, and which may prove to belong to the Ncocomian, but are 
probably extreme Upper Jurassic.

A glance at the table will show which plants possess a wide geo­ 
graphical distribution, and also which have an extended geological 
range. It will also make clear the relationships of the Wealden to the 
American floras. Mr. Seward has given this question special atten­ 
tion, and has shown that a number of Potomac ferns are common to the 
Wealden of England; such are especially the Cladophlebis Browniana 
(Dunk.) Seward, and C. Durikeri (Schimp.) Seward, and the OnycMopsis 
elongata (Geyl.) Yok. (now made to include part of Sphenopteris Goep- 
perti Dunk.), Dichsonla elongata, Yok., and Thyrsopteris elongata Geyl. 
He also maintains that the widely diffused Thyrsopteris rarinerms of 
Fontame is identical with this species. In marking the distribution 
of this plant I have not accepted this decision as filial. When he 
comes to discuss the coniferous species he will probably cause the con­ 
nection between the Wealden and the Potomac to appear still more 
close by tracing in many cases the relationships of the English forms 
to those of America.

OYCADBAN TRUNKS.

Special attention should be called to the cycadean vegetation. Since 
the great cycad forest of the Black Hills of South Dakota was discov­ 
ered, 1 and since the extraordinary development of cycadean vegetation 
in Maryland has been made known by Mr. Arthur Bibbins,2 the interest 
in this group of plants has been greatly increased. As nearly all of 
this new American material had come into my hands for study, and as 
none of the Old World specimens, long ago described, were accessible 
for comparison, I felt the necessity of laying special stress upon this 
aspect of my work in Europe. Accordingly, I not only examined all 
the material in the British Museum, including the microscopic sections 
that had been prepared by Mr. Carruthers and those of Count Solms- 
Laubach, which Dr. Scott of the Jodrell laboratory at Kew kindly 
permitted me to see, but I also made an excursion to the Isle of Port­ 
land, and examined the celebrated "dirt beds" from which the original 
specimens first described by Buckland in 1828 were obtained. On this 
excursion I had the great pleasure of being accompanied by Dr. Alfred 
Russel Wallace, and we were so fortunate as to find a specimen of 
Cycndeoidea microphylla Buckl. in one of the quarries. It had been

1 Proc Biol Soe , Washington, Vol IX, 1894 pp 70-87
"Bull Torr Bot Club, Vol. XXI, No 7, July 20, 1894, pp 291-299.
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removed from the immediate bed iu which it was found and lay on the 
ledge of stratified rock almost immediately over the exposure. We 
subsequently met Mr. Joseph Sansom, superintendent of the quarries, 
who had been in the habit for a long time of laying aside any fossils 
that were taken from the quarries, and had placed a large number of 
objects of various kinds in a tunnel under Wide street between two 
quarries. Among these were a considerable number of cycadean 
trunks, some of them very perfect. We were much surprised to find 
this fine collection, of which nothing seemed to be known in London. 
On my return to America I represented this condition of things to the 
assistant secretary of the Smithsonian Institution, Prof. G. Brown Goode, 
and was able to give a rough estimate oi' what they would cost if pur­ 
chased by the National Museum. Professor Goode warmly seconded 
my suggestion that they be ordered, and negotiations were immediately 
entered into for their purchase. The ultimate result has been that the 
entire collection, consisting of twenty trunks, is now the property of 
the United States National Museum. The specimen found by Dr. 
Wallace and myself was taken to his cottage in Parkstone, and when 
the shipment was made by Mr. Sansom, through the kindness of Dr. 
Wallace this specimen was included and arrived with the others. 
This group of twenty-one trunks has been photographed, and PI. XCIX 
will afford a rough idea of a cycadean forest in Purbeck time. I have 
not yet had time to give this collection the careful study that it 
deserves, but it is certain that we have both the original species of 
Buckland (Ci/cadeoidea megalophylla and 0. microphylla), and probably 
one or two other species. Most of them show the "crow's nest" dis­ 
tinctly, and those of the first-named species very closely resemble the 
original figured by Buckland. 1 None of the specimens of 0. microphylla 
very closely resemble Buckland's figure (pi. xlix, fig. 1), and it may 
be said in general that the external surface in all these specimens is 
more obscure than his figures seem to indicate for the original ones. 
Most of them are of a light color, showing their contact with the lime­ 
stone very distinctly, but in one or two cases they have the dark car­ 
bonaceous color of the "dirt beds." They are mostly much compressed 
vertically so as to appear squat and dwarfish. The smallest one is 
less than 3 inches high and more than twice that breadth. The one 
having the largest diameter, nearly 12 inches, is less than 4 inches high, 
and the large crow's nest makes a depression of nearly 2 inches on the 
upper side. This one was broken in transit into a number of segments, 
and the fracture affords the only opportunity I have had of examining 
the internal structure. Without polishing, the principal fact which it 
reveals is the course of the vascular bundles passing out from the 
center in fine white lines. There has not yet been time since the 
arrival of this collection for any sections to be cut or microscopic 
study made. They average considerably smaller than the specimens

'Trans Geol Soc , London, 2d ser , Vol II, 1828, pi xlvu, fig 3
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mentioned by Buckland and Pitton. The former says that u In the fossil 
specimens yet discovered, it [the trunk] varies from 5 inches to a footm 
height, and from 8 to 15 inches in diameter"; 1 and Pitton says that "The 
Cycadacete found in the ' black dirt' are generally from 9 inches to a foot 
in diameter, and about 9 or 10 inches high." 2 The ten specimens in this 
collection that certainly belong to C. megalopJiylla range from 3 to 6 inches 
in height and from 5 to 12 inches m diameter. Six or seven specimens, 
including the one found by Dr. Wallace and myself, doubtless belong to 
C. nricrophylla, and have a somewhat different shape, being considerably 
higher in proportion to their thickness. These range from 5 to 9 inches 
in height and from 7 to 10 inches in diameter. The smallest specimen 
 weighs 5 pounds and the heaviest 29^ pounds.

I should add that there are two specimens that certainly do not belong 
to the two original species; one of them is very well preserved, and 
though flattened laterally has a symmetrical conical shape. It is 13J 
inches high and the two diameters are respectively 6 and 9 inches. I 
have no doubt that it belongs to C. portlandica of Carruthers, and his 
fig. 1, on pi. Ixi of his memoir,3 is a fairly correct representation of it, 
although Mr. Carruthers was able to show more definite structure on 
the external surface than can be seen on this specimen. Still, so far as 
the markings are visible, they agree substantially with those of his 
figure. This specimen is readily distinguished from the rest in the 
group (PI. XCIX) in rear a little to the right of the center. The other 
specimen is smaller and much less perfect, but probably also belongs to 
the C. fjortlandica, although its internal structure may possibly prove 
to be that of C. Morieri Renault sp.,4 which it resembles externally. 
In that case the collection would contain all the species of Cycadeoidea 
that have ever been described from the Purbeck beds, except the rare 
G. Garruthersi, of which no figures have appeared to indicate its form. 
As already stated, I saw at the British Museum on the occasion of my 
visit the greater part of these species, and judging from the notes 
taken and from my recollection of their appearance the new collection 
is fully equal in variety and importance to the one from this locality ia 
that museum, as the originals of Bucklaiid's species are not there and 
seem to be lost. These specimens are of special interest in comparison 
with the American forms, of which a similar group is exhibited on PI. 
C, from the Potomac of Maryland, and another on PI. 01, from the 
Black Hills; but the English forms cut a sorry figure by the side of our 
gigantic trunks, the largest of which stands 31 inches in height, 
measures 26 inches in diameter, and weighs 721 pounds.

Besides the two old species of Buckland above mentioned, three

"Ibid , p 397
'Op Olt, Vol IV, p 233
! On Fossil Cyoadean Stems from the Secondary Bocks of Britain Trims Linn Soc , Vol XXVI, 

1870, pp 675-708, pi liv-lxlll
«Noto siir le Clathrepodiurn Morieri, B K Bull Soc Lmn Noimaudie, 4" s6r , Vol. I, Caen, 1887, 

pp 143-151, pi. IT, v.
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others, as will he seen by the table, have been described from the Pur- 
beck beds of Portland. Three of the species of Cycadeoidea are said 
to come from the Lower Greeusand, including the celebrated G. Gibsoni, 
about which so much has been written, and which of all cycadean 
trunks exhibits the fruiting axes to the greatest perfection. In addi­ 
tion to these there is the C, Sascbyana, which is the only trunk thus far 
found in the Wealden proper. This is from Brook Point on the Isle of 
Wight, which is also the locality for the well known fossil forest, of 
which I shall soon speak. All of these trunks it was my privilege to 
examine in the British Museum. There are three specimens of the C. 
Saxbyana, but the labels were not sufficiently full for me to determine 
whether they were all from the same locality. One of them has a ter­ 
minal leaf bud, and all of them closely resemble some of the smaller 
trunks from the Black Hills. The C. Gibsoni is disappointing when 
seen from without, as only by close study can the arrangement of the 
leaf scars and flowering axes be made out, but this lack is more than 
compensated for by the wonderful display of minute internal structure 
seen in the sections and visible even to the naked eye. This is not, of 
course, the place to discuss this remarkable phenomenon, but the occur­ 
rence of well-developed seeds far in the interior of a solid trunk certainly 
gives rise to a great number of questions as to their true morphology. 
I also saw the G. Peachh, from the Coral Bag of Helmsdale, Suther- 
landshire, Scotland, which does not come within the purview of this 
paper, but which, notwithstanding its greater age, strikingly resembles 
one of our most perfect Maryland specimens. Of G. inchisa I was able 
only to see a model, the original being in the York Museum. This is 
from the Lower Greeusand of Pottou, Cambridgeshire, but does not 
widely differ from the forms farther south. With regard to C. Gibsoni, 
from the Greensand of Luccomb Chine, and C. maxima, from Shaukhn, 
on the Isle of Wight, there is room to suppose that, although found in 
the Greensand, which is alone exposed at these localities, they may 
have both originally come from the Wealden, lying directly under these 
beds. At times of very low tide the Wealden strata have actually been 
seen at the base of the Greensand at Sandowu and some distance 
farther to the southwest, and a little above Sandown, as is well-known, 
it comes to the surface, and rises many feet at the Bed Cliff. The range 
of the cycadean trunks in England is, however, much greater, some 
having been found in the Lower Lias of Lyme Begis, but thus far none 
have been found higher than the Lower Greensand, and possibly may 
not have lived later than the close of the Wealden period. Their history 
in America is almost precisely similar, one species, C. JSmmonsi, occur­ 
ring in the Upper Trias of North Carolina, and another, G. abequldensis 
Dn., from nearly the same horizon on Prince Edward Island, while all the 
rest are from the Lower Cretaceous, and confined to the lower portion of 
those deposits, the Maryland beds, thoseof the Black Hills, and probably 
the Cheyenne Sandstone ot Kansas not being widely diiferent in age.
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FOSSIL FORESTS.

In point of interest the fossil forests of this period may, perhaps 
claim the second rank. Those of the Purbeck beds are among the 
most celebrated m the world. They have frequently been described 
and graphically portrayed by the older geologists of England. As 
early as 1829 Mr. Webster said of them:

Iu it [the " dirt bed"] are found considerable numbers of fossil trunks of trees of 
the dicotyledonous class, which are from 1 to 2 feet in diameter The woody part is 
siliceous, and the longitudinal vessels are filled by, and surrounded with, radiated 
quartz; numerous veins of chalcedony and quartz also pass through these stems, but 
always following the direction of the concentric and radial structure In the cavities, 
and particularly 011 the outside, there is a small quantity of carbonate of lime, but 
this is onlysupcificial, and has been a deposit subsequent to the silex I saw one of 
these trunks standing erect, and the workmen infoimed me they were frequently 
found in this position Its lower part was thickest, and being divided, it gave the 
idea of the commencement of roots; its upper part penetrated through the soft burr 
and terminated in the aish. The trunks are always broken off short, seldom exceed­ 
ing 3 feet in length. Tins is the iossil wood which is so often brought from the Isle 
of Portland; and upon the most careful inquiry and examination, I could not discover 
that it was found in the oolite itself, nor in any other part of tlie series '

Dr. Mantell, in his Geology of the Isle of Wight, which contains a 
chapter on the Portland beds, makes the following allusion to them as 
well as to the cycaclean trunks:

Upon the nppeiiuost oolitic stratum, is a layer a foot thick, of very dark brown, 
friable loam, which appears to have been a bed of vegetable mould It contains a 
large proportion oi earthy lignite, and, like the modern soil on the surface of the 
island, waterworn stones, and pebbles. This layer is called the "dirt-bed" by the 
quanymen, and in and upon it are stems and branches of coniferous trees and 
plants allied to the Cycas and Zamia. Many of the trees and plants are standing 
erect, as if petrified while growing undisturbed in their native forest Their roots 
extend into the soil of the dirt-bed, and their tiunks into the superincumbent strata 
of limestone.

As the Portland building stones lie beneath these beds, and the cap is only used 
for lime, the fossil trees are removed and thrown by as useless, and the dirt-bed 
cleared away to arrive at the more valuable material On one of my visits to the 
island the surface of a large aiea oi the dirt-bed was exposed, preparatory to its 
removal, and the appearance presented by the fossil tiees was most striking. The 
flooi of the quarry was literally strewn with fossil wood, and before me was a petri­ 
fied forest, the tiecs and the plants, like the inhabitants of the city in Arabian story, 
being conveited into stone, yet still remaining in the places they occupied when 
alive' Some of the trunks were surrounded by a conical mound of calcareous earth, 
which had evidently, when in the state of mud, accumulated around the stems and 
roots. The upright trunks were 111 general a few feet apart, and but 3 or 4 feet high, 
they weie broken and splintered at the top, as if the trees had been snapped 
or wrenched off at a short distance from the ground. Some were 2 feet in diam­ 
eter, and the united fragments of one of the prostrate trunks indicated a total 
leugtli of between 30 and 40 feet In many examples portions of blanches remained 
attached to the stems The external surface of all the trees I examined was weather­ 
worn, and resembled that of posts and timbers of groins and piers within the reach 
of the tides, and subjected to the alteinate influence of the water and the atmos-

> Traits Geol Sue , Londoii 2d ser , Vol II, 1829, pp 41-42
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phere. There were no vestiges of the bark in a carbonized state, nor of the natural 
external surface of the stems, as in the prostrate trees at Brook Point in the Isle of 
Wight.

The cycadaceous plants occur in the intervals between the trees, and the dirt-bed 
is so little consolidated that I dug up with a spade several specimens that were stand­ 
ing erect, in the position in which they originally grew. . . . The specimens are 
called "crow's-nest" by the workmen, who believe these plants to be bird's nests, 
originally built by crows in the fossil trees, which have become petrified. The 
largest specimens are about 2 feet high and 3 feet in circumference. 1

The trees stand in the part of the series immediately above the upper 
" dirt-bed," locally termed the " soft burr," and project up through the 
several overlying deposits; but the erect portion is always compara­ 
tively short, not often exceeding 3 or 4 feet. They have their roots in 
the dirt bed itself. I have reproduced (Fig. 68) the excellent section

1. Vegetable soil.

"Slate"

3. Clay, or "dirt"
4. "Bacon-tier"
5. Clay
6. "Ash"

10. " Dirt,'' with Cycadeas
11. "Skull-cap"
12. "Clay"

£ W. "Whitebed"

Bottom of the quarry. 

FIG. 68.  Section of one of the Portland quarries. From Fltton's Strata below the Chalk, 1835.

of Dr. Fitton, which was published in his celebrated paper on the Strata 
below the Chalk.2 This section was made in 1834, but when I visited the 
quarries and made a rough sketch of one of the best exposures I found 
the most remarkable similarity in all the essential details to that which 
is represented in this section. As Dr. Fitton's section was prepared with 
much more care than mine, I have decided to reproduce it as practically 
representing the exact present state of things. He has introduced cyca- 
dean trunks at both the lower and upper dirt beds, where they are known 
to occur, and he also shows one of the erect trunks with its roots in the

1 Geology of the Isle of Wight, London, L847, pp. 395-398.
2 Trans. Geol. Soc. London, 2d ser., Vol. IV, L835, p. 219.
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"black dirt," penetrating through the " soft burr" into the " ash," with a 
portion lying prone at its base; till of which is exceedingly true to nature. 
At the time of my visit none of these detached portions lay in position 
in the quarries, they all having been removed, but very short portions 
of the erect trunks still remained, from which I secured specimens. They 
were, however, too close to the roots to give the best results.

The specimens collected by us were from Kmgbarrow quarry, and the 
cycad trunk above referred to lay on the same ledge only a short distance 
from the fossil stumps. There is every probability that it came from 
the dirt bed in which this trunk had its roots. In Mr. Sansom's tunnel 
under Wide street, besides the cycads and many other objects, there 
was an immense fossil trunk 26 feet in length and 4 feet in diameter at 
the lower end, diminishing to 2 feet at the upper end. At the extreme 
outer limit of the town of Portland proper, another fossil tree taken 
from these quarries has been fastened up against the side of a house. 
It -was evidently taken out in sections, but in such a way as to admit 
of their being placed in their natural position one upon another so as to 
show nothing but the line of fracture. At the base it shows the enlarge­ 
ment preparatory to putting forth the roots. It is forked at the summit, 
the two branches being nearly equal, both in size, and in the length 
preserved. The house against which it stands is called the "Antedi­ 
luvian House." It is No. 1 Fortune's Well street, Portland. We made 
a rough estimate of its height, and I recorded in niy note-book that it 
was about 20 feet to the forks, and that the two branches were about 2 
feet in length. It measured 11 inches in diameter above the enlarge­ 
ment at the base. On my return I found to my surprise that Dr. Fitton 
had described this same specimen in the memoir above referred to 
(p. 221), and in the following words:

Some very fine specimens of the silioifled trunks had been found not long before I 
saw them; one of which had been judiciously lestored by joining the fragments and 
placing the whole erect agamst the wall of a house. Tho total height from one 
extremity to the other was above 20} feet; the diameter of the stem where the roots 
went off, about 11-J. inches The tiunk was nearly straight and undivided for about 
17 feet, and the branches slight in comparison with the mam stem.

It will be seen that our estimate of the height was a little too great, 
and his measurement of the base was probably made at a point slightly 
lower than ours. It is a somewhat remarkable fact that this specimen 
should have been permitted to remain in the same position for so long 
a time. It had probably been there some time before Dr. Fitton 
described it, which he did in 1834, or sixty years prior to our visit. 
Dr. Fitton describes and figures on the same page another very similar 
but somewhat larger specimen from the Dungeness quarry, from which 
the first was also taken. This shows the beginnings of the roots and 
is, he says, elliptical in cross section. The two agree, however, in the 
important particular of being forked at the summit by a true dichotomy, 
which is rare in trees of so large a size. This at once indicates a peculiar 
type of vegetation. I reproduce here (PI. Oil, Fig. 1, facing p. 498)
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Dr. Fittou's figure. As will presently be seen, all the fossil wood from 
the English Wealden, including the Purbeck, is of the Araucarian type, 
aud m the absence of other parts must be referred to the, geuus Arau- 
carioxylon. Assuming these two trunks to belong to the same species, 
I propose for them the name Araucanoxylon antediluvianum, the specific 
name referring, of course, to the ''Antediluvian House," against which 
one of the specimens stands.

The fossil forests of the Isle of Wight are very different from those 
of the Purbeck beds. The principal ones occur on the southwest shore 
of the island near Brook Point They consist of loose trunks lying in 
a confused manner and bearing evidence of having been transported 
for some distance and stranded in their present position. They were 
first described by Mr. Webster in a contribution made by him to Sir 
Harry Euglefield's Picturesque Beauties of the Isle of Wight, which 
appeared in 1816. Mr. Webster says:

At Brook Point the cliffs interested me much. They were about 30 feet in height, 
and were composed chiefly of clay resting upon a bed of soft sandstone, which con­ 
tained a consideiable quantity of sulphur, arising from the decomposition of pyrites

At this place I observed many masses of a coaly blackness, bearing the exact form 
and resemblance of trunks of trees that had been charred, lying on the beach, and 
embedded in the clay cliffs, and also in the rock.

In some parts the ligneous fibre was still evident In other parts the wood had 
been converted into a substance much resembling jet; its blackness being intense, 
its cross fracture conchoidal, and its luster very great. Other parts'of the trees were 
entirely penetrated by pyrites, and considerable groups of crystals of this substance 
were frequently attached to the outside

They were embedded in clay of various colors, white, gray, yellow, and red, and lay 
in irregular horizon talstrata of several inches in thickness, being often pressedflat by 
the incumbent weight Over this stratum of clay, which is about 8 or 10 feet thick, 
there is another of the same depth, of sand and gravel, highly ferruginous, and the 
watei which niters from it is strongly impregnated with sulphate of iron.

On lifting up some of the sea weeds which grew upon the shore between high and 
low water mark I was surprised to find almost all the rocks below them composed 
of petrified trees, which still retained their original forms They were of various 
sizes, from 8 or 10 feet long and 2 feet in diameter to the size of small branches 
The knotty bark and the ligneous fibre were very distinct, and they were frequently 
embedded in masses of clay now indurated and in the state of an argillaceous rock.

Some parts of these trees were converted into ironstone, and other parts consisted of 
agreatvanety of substances, beingpartly calcareous, siliceous, ferruginous, pyntons, 
bituminous, and ligneous; and the whole exhibited a beautiful example of the aston­ 
ishing processes of nature in converting vegetables into coal, and in filling their 
substance with solid rock.

These changes have no doubt taken place at a period too remote for human con­ 
jecture, and whilst the trees were yet buried under the strata which still partially 
cover them; their present situation on the shore arises merely fiom the sea having 
made gradual inroads upon the laud, and, after having washed away the soil above, 
exposed them to view. 1

 A Description of the Principal Picturesque Beauties, Antiquities, and Geological Phenomena of 
the Isle of Wight, by Sir Henry C Englefleld, Bart , with Additional Observations on the Strata of 
the Island and their Continuation in the Adjacent Parts of Dorsetshire, by Thomas Webster, esq , 
London, 1816, pp 153-154
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In a paper read before the Geological Society of London on December 
3, 1845, Dr. Mantell gives the following account of the fossil forests of 
the Isle of Wight:

The trees aie lying confusedly one upon another. I saw no erect trunks, or any 
other indication that the forest had been submerged while growing in its native soil, 
like that of the Isle of Portland; but, on the contrary, the appearance, both of the 
trunks in the sand rock and of those exposed to view by the removal of the mate­ 
rials in which they were originally embedded, is that presented by the rafts that 
float down great rivers, as, for example, the Ohio and Mississippi Such rafts entan­ 
gle in their course the remains of animals and plants that may happen to lie in the 
bed of the river, and at length subside and are buried in silt and sand The fossil 
trees in this cliff are associated with large river shells and with the bones of colossal 
land reptiles. The fossil forest at Brook Point we may therefore consider as a raft 
of pines which floated down the river of the country near which the Wealden beds 
were deposited, and had become submerged in the delta or estuary at its mouth, 
burying with it the bones of reptiles and the large freshwater musselb it had entan­ 
gled in its course

The trees when lying in the sandstone are invariably covered with their bark, 
which is now in the state of lignite, varying from 1 to 3 or 4 inches in thickness, 
according to the magnitude of the trunk. This carbonized cortical investment is 
quickly removed on exposure to the action of the waves, but the ligneous structure, 
the woody fibre, remains

The trees are calcareous and not siliceous*, like those of Portland They are more 
or less travelsed by pyrites, and the delicate veins and filaments of this mineral 
which permeate the woody fibre impart a beautiful appearance to the polished 
specimens, particularly to those which exhibit a transverse section of the stems. 
The trunks are generally of considerable magnitude, being from 1 to 3 feet in 
diameter. I traced two upwards of 20 feet in length, and these were of such a size 
as to indicate a height of 40 or 50 feet when entire. They appear to have attained 
maturity

In the conversion of the bark into lignite and in the smooth condition of the 
trunks this fossil forest presents a remarkable dissimilarity from that of the Isle 
of Portland, in which, so far as I have observed, the carbonized bark rarely, if 
ever, occurs, and the surface of the stems is similar to that exhibited by the trunks 
of old decorticated trees that have been much weathered by alternate exposure to 
air and moistmo. At Brook Point, on the other hand, the trees appear to have 
been engulfed when fresh and vigorous, and when their bark and vessels were 
full of sap. The annular lines oi growth are often very distinct, and I have traced 
from thirty to forty on some of the stems, but these circles tire unequal, and indi­ 
cate therefore a variation from year to year in the climate of the country in which 
they grew. The wood exhibits, uuder the microscope, coniferous structure of the 
type seen in the Ai aucai ta (Norfolk Island Pme), the rows of glands or ducts 
being placed alternately, and the appearauce being similar to that of the fossil 
wood of Willingdon lu Sussex I observed no trace of the foliage of these trees, 
nor of their fiuit, with the exception of a small cone, scarcely so laige as> that of 
the larch

In the strata that overlie the fossil forest, thin interrupted seams and uregnlar 
masses of lignite aievei7 abundant, and their substance is more or less impregnated 
with and p«rmeated by iron pyrites. Fossils similar to these occur also in the clays 
of Tilgate Forest and at Hastings '

Very little additional information has accumulated with regard to 
these fossil forests since that date, as may be judged from the follow-

1 Quart Journ Geol Soc London, Vol II, 1846, pp 92-93
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ing statements contained in tbe second edition of Bristol's Geology of 
the Isle of Wight, 1889:

Below and partly imhedded in this rock lie the scattered trunks of coniferous 
trees, known as the "Pine Raft " They were first observed by Webster in 1811, but 
wcie more fully described by Mantell in 1846. The trunks lie prostrate in all direc­ 
tions, broken up into cylindrical fragments. They are covered by thin bark, now 
in the state of lignite, the wood having been converted into a black or grayish cal­ 
careous stone, with much lion pyrites Many of tbe trees still present traces of 
woody structure, and the annular rings of growth are clearly perceptible, hut they 
are traversed also by numerous threads of pyrites The trunks are generally of 
considerable magnitude, being from 1 to 3 feet in diameter; two upwards of 20 feet 
in length, and of such size as to indicate a height of 40 or 50 feet when entire, were 
noticed by Mantell.

The "Pine Raft" can be seen at low water only. During spring tides it may be 
observed to rest on variegated marls, but all attempts to trace it eastwards from 
Brook Point have failed, probably on account of its being of local development only. 
The purple marls forming the cliff above it are apparently the same beds that have 
made tbe great slip of Roughland, and the "Pine Raft," if it is continuous, should 
be found in the cliff near Sedmore Point; but though many large fragments of 
trunks are lying on the beach, there is no bed in the cliff exactly corresponding to 
that of Brook Point.

As suggested by Mantell, the trees were probably drifted from a distance, in the 
same manner as the trunks, brought down by the Mississippi at the present day, are 
deposited m large rafts in the delta of that river It is not to be expected, there­ 
fore that tbe "Pine Eaft" is of wide range, or that the horizon at which it occurs 
should bo recognizable when the trees are not present There is jio evidence that 
any of the trees in this or any other part of the Wealdeu series grew upon the spots 
where they are now found.'

At the time of iny visit to the Isle of Wight the "Pine Raft," though 
many of the logs lay above the water, was inaccessible except by boat; 
but a little farther to the northwest, viz, at Hanover Point, there was 
a collection of prostrate trunks, some of them lying on the strand and 
others at about the elevation of high tide, projecting from the cliff. 
They were of a very dark color and contained much pyrites, but were 
not incrusted with inarcasite, as is much of the lignite of the Potoinac 
formation. I collected specimens from four different trunks, selecting 
from the parts which seemed most likely to show internal structure. 
One of these specimens was surrounded by a pyritiferous envelope, 
which has almost completely effloresced, leaving a mass of comminuted 
material, flakes, and chips in the box in which it was contained, and an 
ashy-white substance on the surface of what remains. The other three 
specimens have not suffered at all from this process. One of them has 
a jet-black coat of coaly matter, with a shining surface, to which there 
adheres in some places blotches of pure iron pyrites of a green color. 
This black coating varies in thickness from one-third to one-fourth of an 
inch, and seems in places to be divided into two obscure layers. It is 
very light, like charcoal, and shows scarcely any structure. This outer 
coating is in marked contrast with the light ash-colored interior, and it

'The Geology of the Isle of Wight, by Henry William Bustow Second Edition, Revised and 
Enlarged, by Clement Rpid anil Aubrey Strahan London, 1889, pp 6-7.
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is easy to see how it might be mistaken for the bark of the tree, but I 
see no evidence whatever that such was the case, and regard it simply 
as an illustration of the fact that under the conditions to which these 
trunks were subjected the interior was petrified, while the exterior 
remained in the condition of lignite.

Internal structure. Although, in the papers relating to the fossil 
forests of the Wealden and Purbeck beds, reference has several times 
been made 'to the evidence furnished by the internal structure as to 
the botanical character of the trees that compose these forests, and 
although from these statements it is certain that thin slices have been 
from time to time prepared and studied, still, so far as I can learn, no 
figures showing this structure have ever been published. Relative to 
the Portland trunks, Dr. Pitton makes the following remarks: "From 
the evidence afforded by thin transparent slices both of the trans­ 
verse and longitudinal sections, which have been examined under the 
microscope by Mr. Brown, the fossil trunks of Portland are found to 
possess the characters uniformly belonging to coniferous wood; but it 
must be observed that these characters are not absolutely confined to 
ConifersB." And m a footnote he says: "One of the longitudinal slices 
examined by Mr. Brown was broken from the extremity of the left 
branch of the tree represented in the annexed woodcut." 1 He does 
not state whether the "longitudinal sections" were made tangentially 
or radially. In the latter case it would not be true that the characters 
represented are not exclusively coniferous.

Dr. Man tell, speaking of the same trunks, makes the following state­ 
ment: "Slices rendered transparent by Canada balsam exhibit under 
the microscope, in the transverse sections, the cellular tissue as a reticu­ 
lation of polygonal meshes; and in the radial, the ducts or glands char­ 
acteristic of the Coniferae, and arranged in alternate rows as in the 
Araucana or Norfolk Island Pine." 2

The Wealden trunks from the Isle of Wight possess the same general 
character as shown by their internal structure. Of these Dr. Mantell 
says: "The wood exhibits, under the microscope, coniferous structure 
of the type seen in the Araucana (Norfolk Island Pine), the rows of 
glands or ducts being placed alternately, and the appearance being 
similar to that of the fossil wood of Willmgdon in Sussex.'13 Here 
again he fails to show by any published figures what the internal 
structure was as evidenced by his microscopic sections.

In view of this great lack of evidence upon the question of internal 
structure it is of the utmost importance that this aspect of the subject 
be brought out. The material which I obtained was very limited m 
amount and deficient in quality. I placed it m the hands of Dr. F. H. 
Knowlton and requested him to examine it. He did so, and indicated 
the most advantageous directions for cutting sections, and a number of

'Trana Geol Soc London 2d ser , Vol IV, 1835 jt 522
'Geology of the Isle of Wight 1847, i>p 282-283
'Quart Jour Geol Soo London, Vol II, Dec 3, 1845 (Proceedings), p 93
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thm slices were prepared and mounted in Canada balsam. Dr. Kuowl- 
ton has studied them, aud while several of the specimens showed too 
little structure to be available, those from the Purbeck and one of the 
specimens from, the Isle of Wight are sufficiently well preserved to form 
the basis of a report which he has placed in my hands. It is as follows:

DESCRIPTION OP TWO SUPPOSED NEW SPECIES OP FOSSIL TREES FROM THE PURBECK BEDS OK THE ISLB 

OF PORTI^D AND THE WEALDEN OF THE 1*51 E OF WIOHT, ENGLAND

ARAUCA.RIOXYLON WALLA.CEI n sp. Knowiton 

PI Oil, Figs. 2-4

Habitat. Isle of Portland, England, Kmgbarrow Quarry An erect stump in 
place in the "burr" overlying the upper "dirt bed" of the Purbeck Collected by 
Lester F. Ward aud Alfred Russel Wallace, August 17, 1894

Diagnosis  Rings of growth broad (4 to 7 mm.), very indistinct, the fall wood 
consisting of 6 or 8 rows of thickened cells; other cells uniform in size; wood cells 
long, pointed, provided on the radial walls with a single row of contiguous, large 
pores; medullary rays in a single series of 1 to 8 superimposed cells, not very abun­ 
dant

Macroscopic chaiacters  The fragment submitted is about 7 cm. in length and about 
4 cm in diameter It is a segment from a small trunk that was probably 12 or 15 
cm. in diameter. It is white in color, being perfectly sihcihed and somewhat dis­ 
torted by irregular hands of bluish-white chalcedony which cut through it in various 
directions The periphery of the segment is irregularly furrowed, as though it had 
partially decayed before fossilization

Microscopic characters  Thin sections when viewed under the microscope show 
that it. is only fairly well preserved The structure is made out with some difficulty, 
especially in the vicinity of the bands of chalcedony. In detail the following 
characters may be noted

Transverse section.  It is not possible to distinguish the rings of growth with the 
naked eye, but under the microscope they are found to be present, although very 
faint The lings arc broad and the actual area of demarkation between them con­ 
sists of only 6 or 8 layers of cells with thickened walls and diminished lumen The 
ordinary cells, that is, those of the spring and summer wood, are of very uniform 
size and small The rays in this section are seen to be rather few in number

BaHial section  The section in longitudinal-radial direction is the most satisfac­ 
tory ol all The wood cells are long, apparently pointed, but much distorted In 
only exceptional cases are the pits preserved They seem to be in a single series, 
which approximately covers the wall. They are too obscure to permit their si?e or 
the size of the inner pore to be made out with certainty.

Owing to the distortion it is possible to get only a very small area of the medul­ 
lary rays in the plane of section Nothing can he made out regarding either their 
length or markings.

Tangential section, This section is reasonably satisfactory It shows the medul­ 
lary rays to be in a single series from one to eight or ten cells high, theaveiage num­ 
ber being from three to six. They are not numerous, for there are often two or three 
contiguous wood cells that do not show rays within the range of a microscopic field

From this description it is not possible to make out with absolute ceitainty the 
proper generic reference The most important character, viz, the punctations on 
the radial walls of the wood cells, is so obscure that some uncertainty results. Yet 
these punctations, if correctly observed, are seen to be in a single contiguous series, 
which nearly or quite covers the wall This is a character of the genus Araucari- 
oxylon, and I have so considered it Subsequent investigation of material better 
preserved may throw additional light on the matter.
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ARAUCARIOXYLON WKBBII B sp Knowlton 

PI CII, Fig 5.

Habitat' Hanover Point, Isle of Wight, England. Fossil wood from piostratelogs 
at foot of cliff above tide. Wealden Collected by Lester F \VardnndE A Webb, 
August 19, 1894.

Diagnosis. Rings of growth absent, wood cells large, thick-walled, of uniform 
size; wood cells with a single series ot contiguous pores; medullary lays in a single 
series of from 1 to 30 colls high, abundant.

Maausvopic chaiacters. The specimen submitted is a fragment about 10 cm. long, 
5 cm. wide, and 3 cin thick, and ayipears as though brokpn from a log of some size 
It is dark, almost black in color, with a coaly outside layer '1 mni thick. This coaly 
layer is crusted in many parts with a thick layer of iron pyrites The specimen is 
thoroughly silicified and much distorted by secondary crystallization It is traversed 
in vanous directions by white bands of ealcite

Microscopic characters  The distortion of the tissues by the processes of crystalli­ 
zation has been so great that the microscopic characters are made out with diffi­ 
culty.

Transverse section. (See fig. 5) This section is by far the best one The wood 
cells are of uniform size, with thick walls There is no evidence of annual rings 
The medullary rays are numerous as seen in this section, and have thick walls

Radial section. This section is especially unsatisfactory. The plane of section is 
so much interrupted that no adequate idea can be gained of the appearance of the 
medullary rays. The same might almost be said of the punctations on the wood 
cells, yet by careful selection it appears that they are in a single contiguous series, 
which does not cover the entne wall. Then size can not be determined The inner 
pore is also too obscure to admit of measurement

Tangential section  This is obscure, yet shows in exceptionally well-preserved places 
that the rays are numerous, thick-walled, in a single series, and usually some twenty 
or more cells high.

At my suggestion and request Dr. Knowlton Las given to the species 
from the Purbeck beds of Portland the name Wallacei, in honor of Dr. 
Alfred Russel Wallace, the celebrated traveler, scientist, and philos­ 
opher, who, as above stated, accompanied me and assisted in collecting 
the specimens. Similarly he has given to the specimen from the Isle 
of Wight the name WebMi, in recognition and remembrance of the 
delightful companionship of Mr. B. A. Webb, which I enjoyed on the 
occasion of my visit to that island, and who showed me not only where 
the fossil forests were to be found, but many other interesting things 
which I would otherwise have failed to see.

It is surprising that no one in England has thought to describe or 
name these fossil woods, and I would iiot have ventured to do this on 
the imperfect material in my possession if it had not seemed to be the 
only way in which they could be brought into their systematic position 
as an integral part of the fossil flora of the Wealden.
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As will be seen by the table, in addition to these specimens from the 
Purbeck and Wealden beds, "coniferous wood" has been reported from 
the Atherfleld beds, the Lower Greensand, and the Gault. I have 
placed all these under one entry as " coniferous wood,'' although it will 
probably be found when they are subjected to scientific investigation 
that they represent several species and possibly more than one genus. 
It will be observed that while the structure of all the fossil wood thus 
far reported from the Potomac formation is of the Sequoian type, that 
of the Wealden deposits is of the Araucarian type. In America the 
Araucarian type is the only one that has thus far been detected in the 
Tnassic deposits, either those of the Atlantic border (Connecticut Val­ 
ley, Richmond and l^orth Carolina coal fields) or those of the Southwest, 
the Shinfirump formation of Major Powell. The celebrated Arizona 
woods, which yield such beautiful material for decorative objects, 
often show very perfect internal structure, and Dr. Kiiowlton, after 
examining a laige number of specimens, was able to make only a single 
species, Araucanoxylon arizomcum, 1 which may be the same as the 
A rauuantes Mollhausianus Gdpp. described, but not figured by Gop 
pert in Mollhatiseii's Reise (p. 492) m 1858, from specimens collected in 
the Bio Secco, near the Colorado Chiquito, Arizona, in 1853. 2 Those 
consulting Dr. Knowltou's description of the fossil wood and lignite 
of the Potomac formation 3 will observe an apparent exception to the 
statement made above. The Araucaripxylon mrginianum is described 
by him as from the Potomac formation at Taylorsville, Va. A subse­ 
quent investigation of this locality by Mr. McGee, Professor Fontaine, 
and myself has proved that the fossil forest bed from which this speci­ 
men was taken really belongs to the Older Mesozoic or Upper Trias. 
This is one of the few regions in which the Trias and the Potomac 
formation are in contact, and without such a careful investigation as 
we made on that occasion it might be easy to confound these deposits, 
as the locality for the fossil wood lies close to the line of contact. It 
should, however, be remarked that some specimens of fossil wood col­ 
lected by me in the Black Hills of South Dakota, at the same locality 
at which the great cycadean trunks occur, clearly exhibited the Arau­ 
carian structure. This locality is certainly Creta.ceous, and therefore 
we have both types of structure in the Cretaceous of America.

I have dwelt thus fully on the fossil wood, partly because it is of 
great historic as well as scientific interest, and partly in order to 
emphasize the fact that, thanks to the labors of Nicol, Witham, Wil- 
liamson, Renault, Felix, Kno,wlton, and other cultivators of this field, 
the vast quantities of petrified wood found at so many geological hori­ 
zons and often constituting the only paleontological evidence of the

1 Xew Species of Fossil Wood (Araucanoxylon anzomcum) from Arizona and New Mexmo Proc 
U S Nat Mus , Vol XI, 1888, pp 1-4, pi i

"Tagebuch emer Reise Tom Mississippi nach den Kusten der bndsec, von Baldum Mollhausen 
Leipzig, 1858

'Bull U h Geol Surv , Jfo 56, Washington, 1881 (Seep 50)
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age of foiuiations, is no longer the useless rubbish that it was formerly 
thought to be, and that in so far as it can furnish evidence that evidence 
is of the clearest and most reliable character.

The foregoing remarks, taken in connection with the table of distri­ 
bution upon which they are based, render it obvious that, the paleon- 
tological relations, especially those furnished by the plant remains, 
between the Wealden of England and the Potoinao formation of the 
United States, and also more generally between the Lower Cretaceous 
of England and that of America, are as close and as much deserving 
of attention as are the geological relations treated at the beginning of
this paper.

THE SCALY CLAYS OF ITALY.

Scarcely anything is said in the general works on the geology of 
Europe about the existence of the Cretaceous formation in Italy. It is 
entirely ignored in Geikie's Text Book of Geology and in the latest 
edition of Phillips's Manual of Geology. Little more can be said for 
Lapparent's Trait6 Geologique. In the second edition of that work 
(p. 1159) he treats the Scaly Clays under the Eocene system, and cites 
M. Mautovani 1 to the effect that it is tufaceous mud derived from below 
and sometimes contains blocks torn from more ancient formations. In 
another place (p. 1337) he speaks of their association with the gabbro 
rosso. Nevertheless a number of Italian geologists (De Stefaui, Segu- 
enza, Capellmi, etc.) have recognized that formation within the last 
fifteen years. In a memoir by Capellmi, which appeared in 1880,2 he 
showed that Cretaceous rocks had been confounded with Eocene and 
Miocene ones, and referring to this paper in a later one, published in 
1884, 3 he says (p. 536):

As regards the Scaly Clays, I continued to maintain that they were of diffetent 
ages I recognized as Cretaceous rocks the aands of San Martmo aud Salto di Mon- 
tehe, with Inocerami and cephalopods, und in default of decisive facts I did not say 
the last word as to the chronological value to be attributed to the Ammonites of 
the neighborhood of Porretta, ami concluded that it could be maintained at that 
date that they were proofs of the Cretaceous in the Apennines of Emilia

Six year slater the same author described a saurian fossil under the 
name of Ichthyosaurus campylodon from these same clays, and also 
treated of certain cycadean trunks ont of the same beds in the Province 
of Bologna.4 The saurian fossil was regarded as ample proof of the 
Cretaceous age of the strata in which it was found. In concluding his 
remarks upon it he says (p. 444):

The fossils collected in the Scaly Clays of Emilia and of other parts ot Italy have 
shown that in pait they relate to the Seuonian, but that there are also representa­ 
tives of the Tnronian, and that a great portion is certainly to be refened to the

i Atti Soc Itnl Sc i Nat Milano, Vol XVIII, 1875, pi> 28-62
a ll macigno di Porretta e !<  rocce a Globigenne dell' Apennino bolognese Mem Ke.il Accad Sci 

1st Bologna, Ser IV, Tom II, Bologna, 1880, pp 175-194
3 11 Cretaceo Superiore e il Cruppo di TTiabona, op cit, Tom V, Bologna, 1884, pp 535-550
4 Ichthyosaurus campvlodon e tronchi di Cicadee nelle Argille Scagliose dell 1 Emilia, op cit, Tom. 

X, Bologna, 1800, pj> 431-450 two plates
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Cenomaman It is piobable that specimens have also been discovered from the 
Infra-Cretaceous, aud it is also probable that in general the Cenomaman Scaly Clays 
rest upon the Triasaic locks in the Northern Apennines

The cycadean trunks described m this memoir were not supposed to 
furnish in themselves definite evidence as to their age. This part of 
his memoir is devoted especially to giving an account of a fine one col­ 
lected in the Scaly Clays in the Province of Bologna. The following is 
the substance of that account:

Iu the last days of November of the past year (1889) Signor Count Fraucc&co 
Massei announced to me that he had collected in the Scaly Clays of the valley ol the 
Idice, not fai distant from his villa at Ozzauo, certain stones which ho suspected 
might bo fossil cycads Having been kindly invited to do so, I immediately repaired 
to his house m Bologna and ascertained that he really had reference to a wonderful 
specimen of a true cycadean trunk, but which had unfortunately been broken in order 
to enable him more easily to get it out of the field where it had been dug up The 
Count having himself collected these important remains, kindly offered to guide rue 
in exploring the locality, where I hoped to find some more fragments, in fact, ou the 
3d of December 1 went to Ozzano, and going up the right branch of the Rio Ceuto- 
nara, which traverses an important mass of typical Scaly Clays, 280 meters above the 
level of the Adriatic, the spot was pointed out to me where the fossil oycad had been 
exhumed. Count Massei lelated to me that ou the 24th of November, in company 
with his foreman, Enrico Ghmi, and Corpoial Lucio Kocca. passing near an estate 
called La Toire, the property of Signoi Engineer Cavaheri, in the parish Settefouti, 
on the load along the bordeis of a recently plowed field he found the four fragments 
of a cycad, which ho recognized without difficulty as belonging to one and the same 
specimen

1 was then m condition to assuio myself of the exact source, having succeeded, 
with careful search, in nuding some additional pieces of the beautiful fossil, which, 
from its most perfect state of preservation and from the matrix which still adhered 
to it, permits me to exclude even the remotest doubt that it was just where it fell to 
the bottom of the Cretaceous seci before it became fossilized

This, then, is the farst fossil cycadeau trunk collected under such favorable condi­ 
tions as to permit us to affirm with certainty once for all that the fossil cycads col­ 
lected loose 111 the streams of Emilia incontestably come from the Scaly Clays, and 
these also servo to prove that the Scaly Clays in which they are entombed belong to 
the Lower Cretaceous

In intimate connection with this description he very appropriately 
makes mention of another specimen discovered m the eighteenth cen­ 
tury, which is now lost, but relative to which an extensive memoir by 
Giuseppe Moiiti is extant, including a figure. 1 A file of the Corn- 
meiitarn is preserved in the library of the University of Bologna, and 
Capellmi was able to consult it. He saw at once from the figure of 
Monti,who had legarded the fossil as a heap of barnacles, that it was 
a cycadean trunk, and on comparing it with the oue recently found he 
observed that they were similar in many respects. The following is his 
account of the manner in which he came to recognize this ancient 
figure and of his researches in bringing the subject to light:

In 1865, when treating of the fossil Bahunidde of the Bolognese, I made known the 
fact that the first notices relative to remains of fossil Cetaceans were due to the

1 De quadaui Balanoruin Congene De Bonomeusi Scient et Aptium Tnstitnto atque Academia Com 
mentarn, Tomus tertms Bouomae, MDCCLV, p 323
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Bolognese naturalist Giacomo Biancam, who, at the end of 1757, described and fig­ 
ured vertebra; and remains of Balajnidse in Lis memoir published in the fourth 
volume of the Commentarn of our Academy under the title De quibindam animal- 
ium exuviis lapidefactis

Two years hefore, in the same volume of the Commentarii, Gmseppe Monti pub­ 
lished in the Opnscoli a woik of his with the title De quadam balanontm congeiies, 
and this work was illustrated by a plate drawn and engraved by the celebrated 
Ercole Lelh A specimen collected in 1754 in a stream which is an affluent of, the 
Idice under Castel de' Britti was found in a collection of Count Giuseppe Ippolito 
Grassi, and was sent by him to Monti for study, Monti saw in it the form of a pine 
cone, and at first suspected that it was an ornamental i ehu of some ancient building, 
but having shown it to B Heccari was assured by him that it was a fossil It was 
then that Monti thought of barnacles, jnd imagined that it might be a great mass of 
the remains of these animals, so he called it lapideoittm balanontm insignis cvngeues, 
describing it accurately and Comparing it with other specimens of barnacles, with 
which, however, he found that he could not in any way identify his large specimen 
It is sufficient to read that description 111 order to perceive that it might very well 
adapt itself to a specimen of a cycad of the same species as the one found by the 
Count Massei, and equally fossilized. 1 I suspected that it was a cycad the first time 
that, when engaged on these fossils, I lecalled the plate with fossil barnacles pub­ 
lished in the old Conimentaui

At the conclusion of his paper he says: "Some transported frag­ 
ments may have been found m the Post-Cretaceous conglomerates, but 
the original bed is in the Lower Cretaceous."

In 1892 appeared the important memoir on the Cycadean Trunks of 
the Italian Museums, of which Capellmi wrote the historical and 
geological parts and Count Solms-Laubach furnished the botanical 
descriptions.2 This work was largely stimulated by the discoveries 
above recorded. For an indefinite period specimens of cycads had been 
accumulating m the various museums of Italy, and Senator Oapcllmi 
conceived the idea of getting this material all together and having 
it systematically elaborated. Count Solms had long been engaged m 
the study of the English material, and was well qualified to do the 
botanical part of the work. Capellmi's historical introduction is very 
thorough, and forms a most interesting document. For the present I 
can only refer to his matured conclusions relative to the age in which 
the Italian cycads flourished. The numerous specimens that had been 
picked up from time to time mostly upon the surface furnish no posi­ 
tive proof upon this point, but on investigating the subject he came to 
the conclusion that, notwithstanding the fact that most of them had 
been referred by different geologists to a much later period, all the 
specimens were probably originally derived from the Scaly Clays and 
had been transported and redeposited by various agencies in the beds 
where they were found. The case already mentioned was almost the

'It is not entirely improbable that the terminal portion of the cycad trunk found by Grassi was a 
part of the trunk of the specimen discovered by Count Massei, collected a short distance from the 
Castel do' Britti In its measurements it corresponds to tlie missing upper paitof the specimen 
recently found [Footnote by Capollmi ]

21 tronchi di Beunettitoe del Musei Italian] Kotizie Stonche, Geologiche, Botainche doi Pro- 
fesson Sonatoie G Capellmi e Conte E Solms Laubach Con cinque tavole, (Mem Heal Accad Sci. 
1st di Bologna, Ser V, Tom II, Bologna, 1892, pp 161-206, pi i-v )
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only one in which they were actually found embedded m these clays; 
but a careful study of the surrounding conditions in nearly all the other 
cases showed that the clays were not far distant, and that such a sec­ 
ondary deposition wonld be very natural under the circumstances. He 
was struck by the close resemblance of these clays to the descriptions 
contained in American works of the beds in which the cycads of Mary­ 
land occur, and he concludes his account with the following remarks:

In May, 1859, Mr Tyson had fonnd two trunks of silicifled cycads coming from the 
variegated clay of the Potomac group, Jurasso-Cretaceous formation, which he 
regarded as corresponding in part to the \Vealden and in part to the Purbeck of 
Englisli authors

The specimens given to Tyson by Dr Jenkins and Mr Emack were found, the first 
near Coutee Station and the second near Beltsvillc, and were deposited in the Mnseum 
of Baltimore From the same clays, near Contee, Tyson obtained important specimens 
of saunans dug out of an iron mine, and through these the chronological correspond­ 
ence could be better determined The discovery of Tyson (lecorded by Dana in his 
Manual of Geology, speaking of Cretaceous plants) was also mentioned by Carruth- 
ers, who, through the aid ot Dr. Dawson, who possessed a photograph of those fossils, 
referred them without doubt to the genus Bennettites, with scales a little smaller 
than those of B aaxbyanns

Fontame, creating without necessity the new genus Tysonia, distinguished the 
fossil oycad of the Potomac with the name of Tysonia marylandica, referring to it 
the two above-mentioned trunks and the fragments The descuptions and flgnies 
are accurate, but in default of any kind of sections we think it impossible to 
enter into a discussion lelative to their more intimate relations with any of our 
Cycadeoidcsi;

The interesting fact which it has pleased me to note is that there is an almost per­ 
fect chronological correspondence and a very great lithological similarity between 
the beds of the Cycadeoide.u of Emilia and those of the Cycadeoideoe (Tysonia) of 
Maryland A part of the vailegated clays of the Upper Potomac corresponds very 
 well with our Scaly Clays, of which it sometimes even presents the fragmentary and 
scaly 1 character; and while, as to their fossils, the variegated clays of the Upper 
Potomac are made to correspond to the Cenomanian of Europe, it is also to be noted 
that even in America there is a species of hiatus in the superimposed chionological 
series, and that the Eocene or Oligocene immediately covers these clays In the 
Lower Potomac sandstones and ferruginous sands, sometimes tiue conglomerates 
predominate, and they are consideied to be of the age of the Wealden, and it is 
presumed that the abundant specimens of Cycadacete and other Cretaceous plants of 
the upper member are derived from these.

In working up the collections of cycads from Maryland and the Black 
Hills I had, of course, familiarized myself with the, memoirs of Oapel- 
hin, and had become deeply interested m the large amount of similar 
material existing in Italy, derived, as it thus seems, from beds so 
closely analogous to our own. Fourteen species are described by Solms- 
Laubach, and from Capelhui's account it appeared that the greater

1 I \\ as at first inclined to tianalate the Italian term " argille scagliose" hy tlio English clay shales, 
the inoie hecauae, as atatod above, I observed that where undisturbed they consist of shales, hut in 
default of any allusion to them in English worka I was very much in doubt as to the idea implied in 
the Italian designation "scagllose" (literally scaly) M Lapparent generally contents himself with 
using the Italian term, but in one passage (Traite, p 1159) be lefera to them as "argilea eoailleuses," 
which is not the French term for shales I conclude, therefore, that the scaly c haracter must have 
some reference to the peculiar appearance of the disturbed portions as ilescnhod ahove. There is very 
little to justify Capellmi's comparison of it to anything in the American heds
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part of all this material was at the University of Bologna in the geo­ 
logical museum. I therefore resolved, while on my vacation abroad, 
to visit Bologna if possible and examine these specimens. I was in 
correspondence with Senator Capellmi, and before leaving America 
received from him a very courteous invitation to do so. This visit I 
made in the early part of September and enjoyed the fullest oppor­ 
tunities for satisfying my desires in this respect. My plan involved 
something more than merely to examine the material in the collections. 
Ozzauo, near which place the large trunk, Cycadeoidea Masseiana, was 
found, is only a short distance from Bologna, and I expressed to Sena­ 
tor Capellmi an ardent desire to make an excursion to this locality. 
Thus request was complied with in a manner that far exceeded my 
anticipations, for not only was I permitted to accompany the eminent 
Italian geologist to the place, but he had taken the pains to anticipate 
my arrival and to announce our coming to Count Massei, who discov­ 
ered the specimen on his own estate and for whom it was named. It 
is needless to say that we were cordially received, and the Count accom­ 
panied us on the excursion over the Scaly Clays and pointed out to us 
the precise spot fiom which the specimen had been plowed out of the 
ground. The opportunity for examining the beds \vas all that could 
be desired. Count Massei after having discovered the specimen had 
frequently revisited the place and made careful observations in the 
vicinity. He had had the ground excavated in all directions and had 
found a few additional fragments. This work had been so thoroughly 
done that it was not of course to be expected that anything additional 
would be found on that occasion. But as I had seen the specimen at 
the museum this was a comparatively unimportant consideration. 
What I specially desired was to see the beds in which it had occurred 
and to make a general survey of the field.

The Scaly Clays present a very peculiar appearance; the rock has 
some resemblance to certain Fotoinac strata, but seems to consist chiefly 
of greatly disturbed and subsequently decomposed shales of a dark 
color, weathering whitish. At places there are ledges of these shales 
which are not decomposed, and these have the consistency of hard rock. 
They bear evidence of having been subjected to heat and sometimes 
have a tendency to be converted into slate. I was informed that fucoidal 
remains had been found in them and that Chondntes intncatm Sternb. 
had been described from them. They are probably of marine origin 
and intrusive rocks, probably gabbro, are mingled with them in irregu­ 
lar ways. Much pyrites and manganese and also crystals of calcite 
occur. It may be described as a calcareous sandstone, but very argil­ 
laceous. The region about Ozzano is very hilly, and the locality where 
the cycad was found is on the slope of a ravine leading down to the 
Bio Centouara. Everywhere on these slopes there has been exten­ 
sive erosion of the decomposed shales, and the materials thus removed 
from their original position have a very different appearance from those
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in place. Notwithstanding the heterogeneity of the rock the erosion is. 
practically uniform, aud the sculpture has the same regular character 
that is always seen where soft homogeneous material has been subjected 
to the action of the elements, as in the case of the Columbia brick clay 
of the Potomac Valley. But the Scaly Clays when thus eroded assume 
a very dark color, appearing nearly black at a distance. The uneroded 
portions are much affected with slickensides. In some places the eroded, 
and even occasionally the uneroded, material takes on a red color aud 
even assumes the peculiar mottled appearance so characteristic of the 
Potomac clays, and which was also remarked in the Wealden of the 
Isle of Wight. I would not lay too great stress upon this phenomenon, 
but after all it is one which is not exactly paralleled at any other hori­ 
zon in any pai t of the world so far as I have been able to learn.

High up on the slopes of these hills the Cretaceous clay is seen to be 
unconformably overlain by Pliocene sands and sandstones, which con­ 
trast with it in a marked manner.

While at Bologna I of conrse paid special attention to the great 
collection of cycad trunks in the geological museum. The greater part 
of those described by Solms-Laubach are, as already stated, in this 
place, and many of his microscopic slides were also there. The great 
Cycadeoidea etrusca Cap. & Solms, which, as I have stated in a former 
paper, 1 is not only the largest but also the most ancient, so far as human 
knowledge is concerned, of all the Italian cycads, having been found 
on a tomb in the Etruscau Necropolis at Marzabotto, in the provmceof 
Bologna. Its original source is of course unknown, aud Capelliui 
believes that it was designed as an ornament or symbolic emblem. On 
many of the tombs large stones were found, having of course the same 
purpose, but this was the only one that proved to be a cycadean trunk. 
It is black on its external surface, but has been cut through transversely 
and longitudinally, the longitudinal section passing through the center. 
The cut surfaces have been polished, and the nature of the stone is such 
as to admit of this admirably. The portion represented on pi. iv of the, 
memoir referred to is only a small part of this longitudinal section, but 
the details can be seen even better in the original than in the figure. 
There are also radial sections of fragments, and the model that has been 
made of the whole section, though very perfect, has not been colored. 
The exterior of the specimen shows large elongated or elliptical flower 
buds or axes of inflorescence, and also small ones; the leaf scars are 
subrhoinbic in shape, but with rounded angles, so as to appear almost 
elliptical.

There are a number of specimens of G. Oapelliniana, which is the one 
that has been found at the largest number of localities. I was unable 
to detect the presence of axes of inflorescence on the surface of any of 
the specimens. The ramentnm walls are unusually thin. These speci­ 
mens are also dark colored.

iProc Biol Soc , Washington, Vol IX, 1894, p 84
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C. Maxseiana shows an abundance of flower buds, some of which 
project beyond the general surface. They have small perforations, 
being probably the scars of the surrounding bracts. These are features 
which are not well brought out in either of the figures published in 
Capellim's memoir.

C. Maraniana is too much worn to show the' external characters dis­ 
tinctly. There are large openings on the surface which I would regard 
rather as indicating the existence of secondary axes or lateral branches 
than as flower buds. The cortex is unusually thick, even for cycad 
trunks, and the woody zones which it surrounds are much decayed.

The original specimen of C. intermedia scarcely justifies the definite 
structure shown on pi. in, fig. 5. The scars are not depressions, but 
are level with the partitions, which, as the figure shows, are whitish on 
the general black ground. This specimen has been cut through longi­ 
tudinally, and I am surprised that the inner surfaces were not figured 
111 the memoir.

C. Pirazzohana shows scarcely anything when viewed from without. 
Only the upper portion of the internal structure exhibited on pi. 11, 
fig. 1, was at the Geological Museum, but it fully justifies the figure.

C. Biuncomana shows the flower buds with large decayed centers 
much more clearly than would be supposed from the figure given (pi. n, 
fig. 2).

Of C. ticarabellii only a model is to be seen in the Geological Museum, 
and this seems to be of the opposite side from that represented on 
pi. 111, figs. 2 and 3, and does not show the flue ilowermg buds seen 
in fig. 2, being much worn on that s,ide. One large bud, however, was 
present, resembling the largest one shown in the figure. The polished 
surface of the cut brings out the structure very clearly, even more so 
than fig. 3, which was, of course, drawn from the original.

Also in the case of C. Cocehiana only a model could be seen. As no 
figure was given of the exterior of this fossil 1 would have been glad to 
see the trunk itself. From the model 1 judge that the outer parts had 
suffered much from wear.

Count Solms made a new genus for a peculiar fragment found near 
Iinola and called it Gycadea imolensis. I examined this fragment, and 
found that it had no external parts whatever, so that its relation to the 
remaining trunks must be judged entirely by the internal structuie. It 
has been cut in three oblique directions, chiefly transverse. It seems 
to b.e a portion in the vicinity of a branch or near the forks of two 
branches, and shows two axes. A superficial examination would never 
suggest that it was a cycad, bnt Count Solms found ramentum hairs 
which diffeied in their structure aud form from those of any cycad hith­ 
erto examined by him, and chiefly upon the strength of this he described 
it as a cycadean trunk and gave it this name. I still think it was unwise 
to do this, since the creation of a new genus should certainly be based 
on abundant material.



U. 8. GEOLOGICAL SURVEY SIXTEENTH ANNUAL REPORT PART I PL. Clll

CYCADEAN TRUNK (CYCADEOIDEA MASSEIANA) FROM THE SCALY CLAYS OF ITALY.



PLATE CIV.

507



PLATE CIV.
Pago 

FIG. 1. Cycadeoidea Jlontiaua Cap., Scaly Clays oi" Italy ............... .. 509, 510
FIGS 2,3. Barnacles used tor the purpose of comparison. ................. 501,502

(Copy of figure of Monti , 1755.)

508



U. S. GEOLOGICAL SURVEY SIXTEENTH ANNUAL REPORT PART I PL, CIV

$&ERm,

CYCADEAN TRUNK (CYCADEOiDEA MONTIANA) FROM THE SCALY CLAYS OF ITALY.



WARD] THE SCALY CLAYS OF ITALY. 509

Iii looking over a large collection of cycads, sucli as that at the 
Geological Museum of Bologna, after having so long studied those of 
America, I could not fail to be struck by the general resemblance that 
holds among the forms in both countries, and considering the additional 
fact that both in America and England the remains of this class of 
vegetation are confined to the lower portion of the Cretaceous and. older 
deposits, I can not help feeling that the paleontological evidence alone 
in favor of the Lower Cretaceous age of the Scaly Clays of Italy is 
strong. It does not appear that the animal fossils distinctly contradict 
this view, and as to the stratigraphy, a formation lying unconformably 
between the Trias below and the Pliocene above, may certainly be 
referred to any intermediate horizon which its flora and fauna require.

In view of the fact that G. Masseiana was actually found in the Scaly 
Clays and that I have myself examined the locality, I have thought it 
worth while to reproduce the figure that appears in the earlier of 
Capellmi's two papers (see PI. GUI). As Capellini inclines to believe 
that the original specimen of Monti may have formed a part of this 
same trunk, this also acquires peculiar interest. Gapellmi had the 
great kindness to hand me, on rny departure from Bologna, the original 
plate published by Monti in the Commentarii, which lie took from a 
duplicate volume in his possession. I have therefore thought best to 
reproduce the figure as it appears on that plate (see PI. CIV). The 
following is the original description given by Monti, translated from 
the Latin:

Its length in one direction is 7 inches, or about half a Parisian foot; but in the 
otlier direction it scarcely equals half a foot, winch measniements are about the 
same as in the rest of its parts; for its form approaches roundness moderately com­ 
pressed; but at the summit, where there is a flat space, even slightly concave, 1 it does 
not exceed 4 inches in width. Its base, in whatevei direction measured, is found to 
bo 7 inches, therefore the circumference of the whole stone near the base would be 
almost two feet, but at the summit only 18 inches Moreover, as regards the external 
form, although, as was stated, it may not improperly be compared to a truncated 
pine cone, yet it seemed to us rather to be not unlike a sailor's cap, although we 
could a&sert nothing with certainty concerning the foas>e, since it appears to be broken 
and irregular on all sides. The material or substance, as well internal as external, 
of this stone is homogeneous, and indeed does not differ ranch from that of siliceous 
or igneous rocks, which are sometimes found to be of a dark 01 black color, for if it 
is struck at any place with flint it emits sparks Nevertheless it has this peculiarity, 
that it is altogether opaque, and if broken is not smooth like flint, but shows in 
many places streaks interspersed with white ciystalline particles, nor is there want­ 
ing metallic matter mixed with it, for in various places small shining lines are 
detected imitating copper pyrites Its dark color and very great weight, exceeding 
30 pounds, sufficiently convinced me when examining it that this stone also contains 
iron; so that it would not be surprising if it should be regarded by some as a lump 
of iron ore

Senator Capellini, after having worked up the literature of the sub­ 
ject, undertook to rediscover the locality at which the specimen was

'The concavity observed 1>> Monti and clearly expressed in the figure corresponds to the decayed 
portion noted by English authors in the trunk of BennettitesD referred to the genus Afantelha and 
described under the name of crow'i nest [Note by Cai>ellmi, loc cit, T> 165 ]
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found. He made an excursion iuto the region, of which he gives the 
following account, which has considerable geological as well as histor­ 
ical interest:

In June last (1891), in company with Siguor Count Prancesco Massei and bignor 
Bernard!, now proprietor of the foundry, I visited the Rio della Cavaliera, following 
it up a good distance to familiarize myself with the nature of those clays and of the 
minerals that are met with

The Rio della Cavaliera empties on the right side of the Idice, near the Molino 
delle Donnp, and almost opposite the Cassola Canma. At the very entrance of the 
Rio, a short distance from Bernardi's house, there was found an inteiostmg mass of 
limestone, containing Lucmapomum, which had been formerly in great part used by 
Bernard! in making lime, and which stionglj reminds one of the similar mass that 
is observed in the grove of tho Santagata, near Gesso Having passed this small 
Miocene bed, the Rio was found encased in ancient scaly clays, identical with those 
of the Rio Centonara, which descends toward Ozzano, on the opposite slope of the 
same hill fiom which the Rio Cavaliera takes its origin, immediately under the 
chnrch of Ciagnano It is to be noted that about 2UO meteis east of Ciagnano, and 
in the direction of the couise of the Rio della Cavaliera, the superb specimen of C 
Masseiana was found in the same mass of scaly clays

In the scaly clays of Rio della Cavaliera, as well as in those ot the Rio Centonara, 
I have noted masses of yellowish-red and greenish clays, which recall ceitain 
jaspers and statinitesof the Titonic and of the Cretaceous, besides aragonite, quanti­ 
ties of manganese-bearing concretions, masses of altered variolite, and traces of 
calcareous and siliceous serpentine (oficalce e ofisilice), with calcareous and jasper 
elements; which, in fart, suggest the Lower Cretaceous and Upper Jurassic of other 
regions Upon the whole, as well from its position as from the relations of fobsih- 
zatiou, even fiorn the dimensions and form, there is good leason to maintain that 
there are close relations between the specimen of Cycadeoiclea from the Rio della 
Cavaliera, collected in 1745, for which I propose the name of C Montuma, and that 
of tho Rio Centonara, found in 1890.

THE MT5SOZO1C OF PORTUGAL.

THE EARLIEST DICOTYLEDONS.

Prior to the year 1888 no dicotyledonous plants had been made 
known from any deposit older than the Ceuomauian, with the sole 
exception of the Populus primceua of Heer from the Koine beds (Urgo- 
nian) of Greenland. The statement had therefore been frequently 
made, not only that the type of vegetation which now predominates 
throughout the world had its origin in the Middle Cretaceous, but that, 
in view of the great abundance of this type in the 'Cenomaniau of 
Europe and of Greenland and in the Dakota group of the United 
States, supposed to be of Cenomainan age, the dicotyledonous flora 
had suddenly come iuto existence at that date.

It is a remarkable fact, though one paralleled many tunes in the his­ 
tory of science, that two persons independently of each other, and 
neither of whom was awaie of the labors of the other, in regions sepa­ 
rated by the entire breadth of the Atlantic Ocean, were simultaneously 
discovering the existence of this class of vegetable life at a much earlier 
age than that at which it had previously been found. Prof. William M.
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Fontame, of the University of Virginia, had at that date already been 
several years engaged in a careful study of what is now known as the 
Potomac formation, which he was then calling the Younger Mesozoic 
of Virginia; and, in view of the almost complete absence of other pale- 
ontological evidence, had been giving special attention to the fossil 
plants. He fonud these in many parts of this terraue, and although 
the great majority of them were ferns, cycads, and conifers, there were 
certain rare and obscure forms which he was unable to refer to any of 
these groups. They were for the most part broad expansions resem­ 
bling fronds or leaves, with coarse reticulate nervation. Itisduetohis 
sagacity to say that he himself suspected that they might represent 
peculiar dicotyledonous leaves. Professor Pontaiue wrote to me and 
described the forms which he had fouud. He subsequently came to 
Washington and showed me some of the specimens. I fully agreed 
with him that they represented dicotyledonous plants, and soon after 
he found localities on the James and Rappahaunock rivers, and espe­ 
cially near Aqma Creek,iu which these forms were much more abundant 
and better preserved. The question was definitively settled that they 
could not be, as was thought possible, ferns of the type of Dictyophyl 
him and Thauinatopteris, but must be in very truth dicotyledonous 
leaves. In his subsequent researches he made extensive collections of 
these forms and developed a rich flora in the Lower Cretaceous of Vir­ 
ginia.

So exceedingly important did 1 regard this discovery that T urged 
Professor Fontame to publish a preliminary announcement of it in 
anticipation of his work on the flora ot that formation, which did not 
appear until 1890, although it bears date 1889. He declined to do so, 
but gave me permission to mention the fact in a paper which I was 
then preparing. 1 It was then supposed that these beds were Jurassic, 
and at the close of a discussion of the origin of the dicotyledons T there 
remarked (pp. 302-303):

It is to be hoped that we are at last approaching the beginning at least of a solu­ 
tion of this truly great problem of the origin of the dicotyledons I have myself 
seen at least one slight, it may be, but very interesting sign of possible progress in 
this direction Certain quite defective but very instructive specimens, collected in 
the Upper Jurassic of Virginia, by Piof William M Fontame, and which he kindly 
brought to Washington for my mbpection, certainly possess all the essential elements 
of dicotyledonous leaves, although at the same time bearing a certain recognizable 
stamp of the cryptogamic and gymnospermous vegetation that characterizes that 
earlier age. What is to be the hnal verdict of science upon these forms can not now 
be told, but it is to be hoped that the Mesozoic stvata not only in Virginia, but in all 
parts of the world, may be diligently searched and the materials carefully studied, 
with a view to discovering these certainly merely "missing links" of a chain that 
can but have been once complete,

The manuscript of Professor Fontaiue's Potomac or Younger Meso­ 
zoic Flora 2 was completed early in 1888 and submitted for publication.

i On Mescwmc Dicotyledons Amcr Jonm Soi , 3d sei , Vol XXVII, April, 1884, p 292-303. 
' Monographs of the XT S Geol Surv , Vol XV, Washington, 1880
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But, as is well known, from one to two years is required to bring1 out a 
work of this magnitude, and I again endeavored to prevail upon him 
to publish a popular statement of the dicotyledonous flora which it 
describes. With his characteristic modesty he still declined to do so. 
He, however, not only permitted but requested me to perform this duty. 
I brought the matter to the attention of Major Powell, Director of the 
Survey, and Professor Marsh, president of the National Academy of 
Sciences, from both of whom I received a courteous invitation to present 
these results to the National Academy at its meeting1 at Washington in 
1888. I did so, and the paper was published m August of that year. 1 
Eelative to the question here under consideration I there ventured 
the following statements (pp. 129-131):

It remains to considei the second question, as to the true significance of the 
dicotyledons. Their presence is supposed to indicate a later age than that denoted 
by the othci groups of plants It was long supposed that the upper Qnade.r beds of 
Blankenburg contained the earliest remains of plants ot this class, but they wore 
at length found in the considerably older strata of Niederschoena in Saxony Since 
then their occurrence in strata of about the same age in Bohemia and Moravia was 
made known, and it is the pr.ictioe to treat the so-called Upper Cretaceous of Gieen- 
land, the Dakota group of Kansas and Nebraska, and the Kantan clays of New 
Jersey as homotaxially equivalent to these Continental deposits

With but a single exception 110 dicotyledonous plants had been found lowei than 
this horizon prior to the discovery of the Fredericksburg bed This exception was 
the occuirence among the collections, from Kome in Gieenland, a deposit whose 
animal remains are said to fix its ago as Uigonian, of a single dicotyledonous species, 
the Populusprimceva of Heer, all the other plant remains from that deposit belonging 
to the lower types Although this discovery has not been confirmed by subsequent 
research, and therefore remains subject to the doubt whether the collections may 
not have become mixed with those from higher beds made and sent at about the 
same time, still theie is nothing antecedently improbable in it, and it may pass 
unquestioned It does not, however, invalidate the general proposition that up to 
this time the Cenomanian has furnished the most ancient forms of dicotyledonous 
plants

This can not now be said, and we have in the Potomao formation a still earlier date 
at which to fix the observed origin of the type of vegetable life which is now the 
predominant one upon the globe What then does this dicotyledonous element in 
the Potomac flora prove as to the age of that formation* Can we aigue from its 
analogy with other Cretaceous floras? In doing so great caution is required. As 
compared with these the Potomae flora is wholly anomalous in this respect In all 
the others, with the sole exception aheady mentioned, instead of those plants coming 
in gradually, as they would be expected to do if the formation represented an age at 
which their development was inchoate, and instead of presenting rudimentary tran­ 
sition and archaic types of that subclass, as such eariy deposits would naturally do, 
we find them to be the prevailing, sometimes, as in the Dakota group, almost the 
only form of plant life, and we also find them fully developed, and even when most 
unlike our modern vegetation, still exhibiting all the characters of highly organized 
plants of their rank In the Potomac formation, on the contrary, we find the dico­ 
tyledons behaving precisely as they ought to behave m a foimation that represents 
an age close down to that at which this form of life first made its appearance m the 
geologic history of the globe. We find them to constitute the great ranties of the

1 Evidence of the Fossil Plants as to the Age of the Potomac lormation. Amer Journ Soi., 3d 
ser , Vol XXXVI, August, 1888, pp 119-131
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flora, absent from mauy of the most productive beds, scarce at all places in compari­ 
son with the lower types of vegetation, itrange and peculiar m charactei, so vague 
and ill-defined as in borne cases to came doubts as to whethci they really belong to 
this group of plants, possessing features that recall the ferns, eycarls, coniJeis, and 
even the monocotyledons, aud containing comprehensive types prophetic of mauy of 
the now fully developed families of dicotyledoua They therefore form just inch a 
homogeneous and nndifforentiatcd group of plants, combining in a scaicelj distin­ 
guishable way all the elements of the latei dicotyledonous flora, as we should expect 
to find exibtiug during the early history of this type of vegetation They are there­ 
fore uot to be regaided as> anomalous, but as uoimal, and the anomaly, if any theio 
be, exists m Cenomauian floias, where this tjpe ooonis in such a piedommant and 
highly developed form

lu view of these facts I cau not accept the conclusion that the dicotyledonous ele­ 
ment oi the Potomac flora argues a more recent age than that denoted by the other 
types On the contrary, the immense difference between this aud the Cenomamaii 
floras cleaily indicates that avast period must have been required to piodnco so great 
a development

On numerous occasions, dating as lar back as 1878,' I have expressed the opinion 
that the dicotyledons could not have had their origin later than the Middle Jui.i, and 
it will not biirpriso me if the final verdict of science shall place the Potomac forma­ 
tion, at least the lower member, in which the plants occur, within that geologic 
system While the remaining types point stiongly in this direction, I do not legard 
the dicotyledons as at all negativing, but even more stiongly suggesting this view.

Since that date the flora of the Potomac formation has been greatly 
increased by further discoveries, and the older beds from which Professor 
Fontame obtained his specimens have been connected in an almost 
unbroken series with higher ones m Maryland, N&w Jersey, New York, 
aud Massachusetts the Albirupean, Raritau (Amboy Clays), and Island 
series, as well as with the Tusealoosa formation of Mississippi and 
Alabama, in all of which the dicotyledonous element largely pi edomi- 
nates, amounting to 330 species out of a floia of 707 species. I regard 
all this as belonging to the Lower Cretaceous in the sense in which I 
have used that term in this paper, viz, from the Wealden aud Neocomian 
to aud including the Gault and Albiau of Old World nomenclature.

As already remarked, a similar series of investigations was being 
carried on m Europe simultaneously with the ones just recorded. Not 
long after I had had the correspondence with. Professor Fontame to 
which reference has been made I began to receive letters from the 
Marquis Saporta, drawing my attention to the existence of peculiar 
forms m the Lower Cretaceous of Portugal, some of which he was 
obliged to refer to the group lie had established under the name Pro- 
angiosperms, and others of which, he was quite suie, represented true 
dicotyledons. I acquainted him with the results reached by Professor 
Foutame, and lu 1888, or the same year as the publication of my paper 
last quoted, he came forward with his first statement of this peculiar

'American Naturalist, Vol SIT ,lnne 1878, p 878, November, 1878, p 734 In a lecture delivered 
February 24, 1883, at the National Museum, on Plant Life of the Globe, Past and Present (see Science, 
Vol I, May 4,1883, p 358) American Journal ot Science, 3d ser , Vol XXVII, April, 1884, p 302. 
Proc A A A S , Vol XXXIII, Philadelphia meeting, September, 1884, p 497 Botanical G.i/ette, 
Vol IX, Indianapolis, October and Novembei, 1884, p 174 Filth Annual Kept U S Geol Surv, 
1883-84, Washington 1885, p 449, diagram, pi. Ivm, facing p. 452 
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condition of things in Portugal. 1 In this paper are described, in a 
preliminary manner, certain collections made by M. Clioffat from beds 
in Portugal of Lowei Cretaceous age, but higher than those from winch 
Heer, seven years earlier, had described an interesting flora, m which 
no dicotyledons appear. The present collections contained a number 
of undoubted dicotyledonous leaves. The age of the beds was probably 
about that of the Gault of England or Albian o" Trance. With the 
exception of the American discoveries, this was therefore the lowest 
horizon from which such plants had been reported.

The following statement contained in this paper is directly in point 
(p. 1502):

The only essential difference which distinguishes these beds from those with which 
Heer was acquainted consists in the constant presence in the formei of .1 certain 
number of dicotyledons, a class of plants the date of whose introduction in Portugal 
is thus determined and eiieumscribed by the vertical space which separates the 
IJrgomau fiom the Couomanian This supposed date is in fact entnely conformable 
to the observations made upon this same question in Central Europe, where the 
Wealden and even the Urgoman (Wernsdoif beds in the Carpathian mountains) are 
found to be devoid of dicotyledons, while the plants of this class are already numer­ 
ous and vaned ui the Cenomauian of Bohemia, in that of Saxony (Niedersuhoena), 
and of Moravia (Moletein) In the piesent state of oui knowledge and in view of 
the discoveiies in Portugal it is therefore at the stage of the Almargem, that is to 
sav, at the Aptian and Albiau, more piecisely at the Bellasian of the Poituguese,  
Viaconuian of the Juia, Upper Gault, hoiizon of JTteioceia mceita d'Orb., Ostiea 
pseiido-atncaiKi Choff., Spluiei i/lites VoineuilU Coq., Sphenodiscus Uhligi Choff, that 
it is necessaiy to place the momeut at which the dicotyledons commenced to be 
introduced and to spiead in Euiope

But soon after I learned from the Marqwis that other collections from 
still older formations also contained dicotyledons, and in 1891 he pub­ 
lished a second paper 2 calling attention to these earlier forms from the 
Urgoman of Cereal. This paper begins with the following significant 
statement:

The appearauce and first extension of the dicotyledonous augiospeims, long 
excluded from the tenestnal lloia, of which they toim at the present time the pnu- 
cipal element, ceitamly constitute the most considerable event of which the annals 
of the vegetable kingdom have preserved any traoe. How was this pheuonienon 
produced, to what date should it be referred, and what were the characters of the 
most ancient plants of the ue\\ type# These are questions which it is natuial to 
ask and \vhich belong to the domain of those which paleontology has foi its object 
to solve Thus far, however, for want of proof, this science has not been able to 
answer them , and while the Urgoman flora of the Carpathians embraces uo vestige 
of dicotyledons, those of the Cenomauian of Bohemia already include a nch series 
of them, coming without doubt w ithin thelange of still existing genera, or offering 
with these, in appearance at least, no well-marked coutrast from the morphological 
point of view The impiobable idea of a sudden cieatiou once rejected, it was 
uecebsary to have recourse to the hope of one day meeting, at stages anterior to the 
Cenomaman, with dicotyledons closci to their point of origin than those of the chalk

1 Sui lea Dicotyleea prototypiques du systerne mfra-cretace du Portugal Oomptes i eudus do ]'Acad. 
Su doParis Tome CVT, 28 mai, 1888, pp 1500-1504

2Sur lua plus aucieunes Dicotylees euiopoennea observees daiia le gisemeut do Cereal, eu Portugal. 
Comptes rendus, eti, Tome CXII1, 3 Aoftt, 1891, pp 249-254
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of Bohemia Already the researches of the geological survey of Portugal, directed 
by M Delgado, with the cooperation of M P Chotfat, had enabled me to indicate 
at Buarcos dicotyledons probably of Albiaii age More lecently the flora of the 
Potomac in Virginia, published by M Fontame, lias brought to light dicotyledons 
still nearer to the extreme base of the Cretaceous series Prof L Ward, 111 a notice 
of thebe dicotyledons,' has not failed to set forth the synthetic characters and embry­ 
onic affinities of many of them, recognizing in such traits the indications of an evo­ 
lution in process of accomplishment It is indications of the same natnre, even 
more accentuated, that I meet with among the angiosperms of the flora of Cereal, a 
Portuguese deposit inclosed between the fossiliferous Cenomanian and the Neo- 
Jurassic upon which it rests The Commission des Travaux g<5ologiques has suc­ 
ceeded in obtaining from this deposit a collection of plants, of which I shall here sum 
up the most salient characters.

Iii this paper lie briefly discusses a few of the ancestral types (Pro- 
torlnpis, Protolemna, Poacites, etc.), "which will be more fully considered 
m the sequel. '

It was evident from this that Saporta was monographing this flora, 
and the final report was awaited with much impatience. It arrived, as 
we shall see, late m the year which preceded his death.

In view of the special importance of the Mesozoic flflra of Portugal, 
I have been to the trouble to prepare a somewhat complete history of 
the discovery m that field, which may be appropriately introduced in 
this place, m the course of which I have made careful comparisons with 
the similar conditions on this side of the Atlantic.

HISTORICAL NOTICE

The earliest studies in the Mesozoic deposits of Portugal seem to have 
been made by Mr. Daniel Sharpe, who read a paper before the Geolog­ 
ical Society of London on April 11,1832, describing certain beds in the 
vicinity of Lisbon and Oporto, m the former of which were included 
strata referred by him to the Oolite. On the 9th and 23d of January, 
1830, he presented a second paper, describing more fully the secondary 
formation m the vicinity of Lisbon/ On November 21,1849, Mr. Sharpe 
read still a third paper, before the same society/ of a much more extended 
nature and devoted entirely to the secondary formation. In this paper 
is a full list of all the fossils known down to that date, carefully deter­ 
mined by Mr. John Morris. Included m these was a single fossil plant 
regarded by Mr. Morris as a variety of a species of the Yorkshire Oolite, 
called by Phillips Cycadites grammeus. It was found at Cape Mondego, 
and from this circumstance was given the vanetal name Munda:. Mr. 
Morris referred Phillips's plant to the genus Zamites, and called the 
Portuguese species Z. grarmneus, var. Mundce. Schimper recognized m 
it an Otozamites, and Heer afterwards changed the name to 0. angust^- 
folius. By the correct rules of nomenclature it should be called 
Otozamites Mundee.

' Referring to the above mentioned paper in the Am Journ Sci , 3d ser , Vol XXXVI, August, 1888, 
pp 119-131

2 Geol Soc London Proc.Vol I,p 395, Vol III p 31, Traus , 2(1 ser , Vol VI, p 115 fl 
3 Quart Jour Geol Soc , London, Vol VI, pp 135-201
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In 1858 Sr. Carlos Ribeiro published a series of elaborate papers on 
the Geology of Portugal, 1 treating chiefly of the Carboniferous; but in. 
two of these 2 he considers the Lias and Oolite, mentioning the plant 
above refeired to from Cape Moudego and four other species from this 
and other localities.

Meantime other collections were being made, and in 1880 M. Paul 
Choflat published a somewhat elaborate report on the Geology of the 
Jurassic of Portugal 3 in which the fossil plants weie considered as far 
as available. The collections were sent by Choflat to Prof. Oswald 
Heei, and a preliminary report upon them was received in time to be 
inserted as an addendum. Heer's full report appeared a year later 4 
and constitutes the first important contribution to the Mesozoic flora of 
Portugal. It also includes a large number of Tertiary plants. The 
Mesozoic horizons are here regarded as embracing, first, the Ehetic; 
second, the Jurassic, subdivided into Lias, Oolite or Dogger, and 
Upper Jurassic or Malm; and third, the Cretaceous, which was largely 
compared with the Wealdeu of other parts of Europe. LTeer found in 
these collections 5 Ehetic, 18 Jurassic, and 23 Cretaceous forms. The 
Cretaceous plants consisted chiefly of ferns, cycads, and conifers, but 
two of them were referred to the monocotyledons. No traces of dicoty­ 
ledons were discovered.

M. Choflat continued his investigations, and after Heer's death sent 
the plant impressions to the Marquis Saporta at Aix. The latter was 
greatly interested in them and published three preliminary reports, two 
of which have already been mentioned; the other 5 1 elates to the Jurassic. 
Some of the horizons in the Cretaceous were the same as those con­ 
taining the plants described by Heer, while others were considerably 
higher. The full report upon these interesting collections has been 
waited for with great impatience, especially by American geologists 
familiar with our Potomac formation, m which the case is so nearly 
paralleled. In fact I was so desirous of learning more in legard to 
them that by previous arrangement with the Marquis, and at hi.s urgent 
request, I paid a visit to the veteran paleobotauibt at Aix, in the south 
of France, and through his extreme courtesy was not only permitted 
to examine these collections, but enjoyed the great favor of discussing 
with him a large number of most interesting questions to which they 
gave rise. It was then that I learned that the final report was already 
m press and would soon appear, and proof sheets both of the text and 
plates were alieady in the possession of the author, so that it was possible

1 Mom Acacl Heal Sci do Lisboa, New Sor Vol II
3 Mma de Carvao de Pedrado Cabo Slomlego, and do Districto de Leiria, op cit, Pt II, Third and 

Pouith Memoirs (these memoirs .ire sepaiatel} paged)
3 fitude stratlgraphiqubet pa!6ontologiqu« <les terrains Jurrassiques du Portugal Premiere liprai- 

soii. Lo Lias et le Dogger au Nord <lu Tage Section des travaux geologiques <lu Portugal, Lis- 
boiine, 1880

''Contributions .\ l.i flore fossiie du Portugal par le Dr Oswald Heer Section des travaux geologl- 
quos du Portugal, Lisbonne, 1881

5 Comptes reiidus Acad Sci de Paris, Vol CXI, Decomber 1, 1890, pp 812-815
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to examine tile work in immediate connection with the specimens. This 
work' appeared before the end of 1894, scarcely a mouth bcfoi e his death, 
which occurred ou January 20,1895, so that he was unable to distribute 
it, as I know he intended to do, among his correspondents; but copies 
were sent out by the geological survey of Portugal and a few are in the 
hands of American geologists. It may as well be stated here that 
although a large and voluminous report, containing 288 quarto pages 
and 39 plates, it still comes far short of covering the material that was 
then in the author's hands. The collections were sent to him in install­ 
ments almost every year and were still arriving, but it was necessary 
to fix some limit, and the work was closed at a certain date and sent to 
press, since which time other collections had been received, upon which 
he was at the time actively engaged, -and these were also carefully 
examined on that occasion at the Chateau of Fonscolombe, the country 
residence of the Marquis, 16 kilometers north of Aix. These were to 
be reported upon in a subsequent memoir. The remarkable parallel­ 
ism between the plant-bearing deposits of the west coast of Portugal 
and those of the eastern part of the United States, and especially 
between the Lower Cretaceous of Portugal and our Potomac formation, 
gives an especial interest to this memoir.

THE JURASSIC FLORA

In America there is a decided time hiatus between the lowest Potomac 
beds and the next plant-bearing horizon below, which is now regarded 
as belonging to the extreme Upper Triassic and as about the equivalent 
of the Keuper deposits of Lunz in Austria.2 Tn Portugal, on the con­ 
trary, there appear to be no plant-bearing horizons in the Trias proper, 
but in the Jurassic a considerable number of such deposits have been 
found. M. Choffat, who prepared the geological part of this memoir, 
follows as closely as possible the nomenclature of the French geologists, 
and it is found that plant-bearing horizons occur in the Infrahas, part 
of which may be as low as the lihetic, and some of which is referred to 
the Sinemurian; m the Lias; in several of the properly Oolitic beds 
(Toarcian, Bajocian, Calloviau, etc.); in several members of the Coral- 
lian; and especially in still higher beds classed as ISTeo-Jurassic, which 
are mainly correlated with the Kimmeridgiau, but may extend into 
the Portlandian. The Jurassic deposits of Portugal consist of sand­ 
stones and limestones, the former predominating below; and while all 
of them may not be of marine origin, so large a part is fossihferous that 
by the aid of the careful stratigraphical investigations of the Portu­ 
guese geologists it has been possible to fix the position of the plant 
beds with relation to those holding animal remains, a fact which is of 
the utmost importance m determining the validity of the evidence of

^lore foasile Qu Portugal Nouvolles contributions i la flore llesozoiquo par le Marquis Sanorta 
Accompagnees d'une notice stratigraphique par Paul Choffat (Avec 40 planches ) Direction des 
travaux. geologiques du Portugal, Liabonne, 1894

= See Bull Geol Soc Am , Vol III, 1891, p Jl



518 THE LOWER CRETACEOUS OF EUROPE AND AMERICA.

fossil plants m such countries as America, where for the most part no 
such guide exists.

The Jurassic flora of Portugal, as embraced in the present memoir 
and in that of Heer already mentioned, consists of 126 species, asfollows:

List of the Jurassic, plants of Portugal, with their distribution in that 
  country.

Species

Abietites frnctifohns Sap.................
Adiautum dispersiim Sap.................

diBtractnm Sap ................
longmquum Sap.......... .....

Alethopteris Chottati Sap - .-.. ..........
? discerpta Sap .............

Baiera dilatata Heer...... ..............
Biachyphyllutn Delgadounm Heer........

lusitaniciim Sap .........
iriajusculnm Sap .... .....
ruicrocladum Sap.........
inicrqmerum Ileer........

Cheirolepis Munsten Schenk.............
Choudutes bollensis Heer................
Chrysodiopteris m<iichanti,»;formia Sap ... 
Cladophlebis augulata Sap ............ ..

Biowmana (Dunk.) Seward 
microlepsina Sap ...........
iniuromorpha Sap...........
minor Sap ..................
mnltipai tita Sap............
obtusdoba Sap..............
parvula Sap ................
sinuatilolia Sap ............
nndulatiformis Sap .........

Clathroptens sp Sap.....................
Comptomoptens dubia S<ip...............

mcisaSap ..............
sinnata Sap ............

Cylmdntes uurvnlus Heer. ..............
lusitauious Heer .............
sp Heer ............ ...... .

Eqnisetnra doperditum Sap ............
Insitanicnm Heer ..... ......
pseudo-hcerense Sap.... ......
striatulum Sap........... .....
tenue Sap.....................

Granulana repauda ITeei.......... .......
Q-ntbieia aufjustiloba Piesl...............
Hymenophyllites ambiguus Sap ......... .

cremlobusSap---.......
graoilis Sap ............
tenellmervis Sap .......

Microdictyou parvuluui Sap .............
Neuroptendiurn laoernm Sap.......... ...

vennlo^iim Sap ..........
Onvchiopsis Mautelli (Brongu.) Seward. 
Otozamites Mund.e Morr sp............

Ribeiroanna Heer........ ....
Terquemi Sap* ...............

Jurassic

+
+
+

4

+
+
+

Cietaoeoua
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List of the Jurassic plants of Portugal, ^vlth their distribution in that
country Coutmued.

Species

Droxima Sap ..........................

Jurassic

1 Infrahaa
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4
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i
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1
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+
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+

0
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+

+

+
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1
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1

1

1
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1

1

1
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1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
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1

1
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List of the Jurassic plants of Portugal, with their distribution in that
country Continued.

Species

Thuyites Choflati Heer . . ............................

«

Jurassic

In fi ah as

++
+

3
$ 
1

+
+
+

Coralhan

+

V

£
S
 ? 

1

+ 
+
+
+
+
+
+
+
+

+
+

+

Cretacuous

Valaugmian

+

+

+

+

I3 o§

...

 ?

+

q
J 
<

...

As will be seen from tins table this flora embraces 21 species from 
the Infralias, 2 from the Lias, 8 from the Oolite. 9 from the Coralhan, 
and 91 from the N"eo-Jurassic, which about corresponds to the Kim- 
meridgiau of England, with 5 species occurring in two of these hori­ 
zons. The table also shows that no less than 14 species pass up into 
the Cretaceous beds. Most of these are cases in which the range is 
only from the N"eo-Jurassic to the Valanginian, or from the uppermost 
Jurassic to the lowermost Cretaceous, but a few reach the Urgoman, 
Aptian, or even the Albian, while the widely distributed and polymor­ 
phous Onychiopsis (Sphenopteris) Mantelli occurs at all the^e horizons 
as well as in the Upper Jurassic beds. These species will be more spe­ 
cially considered m connection with the Cretaceous.

As regards botanical affinity this flora is subdivided into 7 algre, 6 
equiseta, 71 ferns, 7 cycads, 20 conifers, 8 monocotyledons, and 1 spe­ 
cies of Yuccites referable to the group Proangiosperms. Of the ferns, 
which so largely predominate, 26 species belong to the genus Sphenop- 
teris, 10 to Cladophlebis, 8 to Scleropteris, and 4 to Hymenophyllites. 
Of the conifers, which come next m importance, 6 belong to Pagiophyl- 
lum, 5 to Braehyphyllum, and 3 to Thuyites. The cycads belong to the 
two genera Podozamites and Otozamites. Seven of the monocotyle­ 
dons consist of small blades and culms of supposed grasses, grouped 
under the genus Poacites.

A comparison of this Jurassic flora with that of the American Trias 
reveals the fact that while only 3 species, Ghcirolepts Munsten, Pagio-
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pJiyllum peregnnum, and Palissya Braumi, are common to the two, there 
are IJt genera that occnr in both. In the number of species the two 
floras as now known are almost equal, that of the American Trias num­ 
bering 119, while that of the Portuguese Jurassic numbers 126. It is 
therefore important to note in what proportions these 14 genera occur 
in the two floras:

Genera common to the American Trias and the Jurassic of Portugal.

Genera

Voltzia ............ ........

dumber of species

American 
Trias

3 
]?
9

3
7 
2
6 
4 
6 
3 
1 
2 
5 
1

Jurassic of 
Portugal

1
5 
1 
1 

10 
1 
5 
3 
6 
2 
3 
4 
1 

. 2

When we consider that the two horizons do not at all overlap and 
that more than three-fourths of the Portuguese plants come from the 
uppermost members of the Jurassic, it is not to be expected that the 
correspondence will be very close; and accordingly we not only miss in 
the Portuguese flora some of the largest American genera, such as 
Acrostichites, Ctenophyllum, and Pterophyllum, but also some of the 
most striking and abundant forms, such as Macrotaeniopteris, while 
on the other hand no monocotyledons occur in the American Trias so 
far as known, and the two largest genera of ferns in the Portuguese 
Jurassic, Sphenopteris and Scleropteris, are entirely wanting in the 
American Trias.

The remarkable feature of this Upper Jurassic flora of Portugal is 
the large number of ferns that are closely related to those of the Lower 
Cretaceous of the United States, and this alone would justify the above 
discussion of the Jurassic flora. The comparisons which Saporta 
makes are confined almost exclusively to the two genera, Spheuopteris 
and Cladophlebis, although he does note a close resemblance between 
his Scleropteris sinuata and Fontaine's S. mrginica. In the genus 
Cladophlebis he compares his G. angulata with Fontaine's G. parva; 
his G. sinuatiloba with G. crenata, and also with Aspidium fredencks- 
burgense Font.; his G. obtusiloba with G. constricta, and also with Pecop- 
teris strictinerms Font. With this last species he also compares his 
Pecopteris stricta, showing that he, too, has difficulty in distinguishing
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Pecopteris from Cladoplilebis; and undoubtedly the movement which 
Mr. Sewarcl has inaugurated in the direction of eliminating the genus 
Pecopteris entirely from Post-Paleozoic horizons will uow go on until 
it becomes complete and the genus Pecopteris is restricted, as it should 
be, to the Paleozoic. The number of species of Sphenoptcris compared 
with American forms is still greater. For example, he compares his 
8. palmifida with two of Fontaine's species of Aerostichopteris, A. 
densifoha and A. longipennls. His Sphenopteris ovatiloba he compares 
with Fontaine's 8. latilola; but most of his comparisons of Sphenop­ 
teris are with species that Fontaine refers to Thyrsopteris; for example, 
Sphenopteris Delgadoi is compared with Thyrsopteris Meekiana and 
T. elliptica. He also compares his S. tenelliloba with T. ellipticn and with 
T. densifolia; and again his 8. marginata is compared with Fontaine's 
two species, T. insignis and T. pachyrachis. These comparisons and 
some others that might be mentioned are sufficient to indicate the close 
affinities of these Mesozoic genera of ferns and the great difficulty that 
even the best authorities have in drawing clear lines of demarkation 
among them. It is probable that the genus Thyrsopteris, which is a 
rare type m the living flora, does not actually occur in the fossil state, 
and it will be better in the end to refer all these forms to extinct 
genera, such as Gladophlebis, Sphenopteris, Ouychiopsis, Bnffordia, etc. 

But the special interest which these comparisons have in this place 
is the intimate bond which they furnish between the late Jurassic of 
Portugal (supposed to correspond closely with the Kimmendge clays 
of England, but perhaps running up into the Portland beds, and thns 
closely approaching the Pnrbeck, which has been treated in this paper 
as a part of the Wealden) and the oldest Cretaceous of America, which 
some geologists in this country make to extend some distance into the 
Jurassic, but which is here treated as a Cretaceous deposit.

THE CRETACEOUS FLORA

The Cretaceous flora of Portugal has, of course, a much greater inter­ 
est for the student of American paleobotany than the Jurassic flora 
which has just been considered; first, because, as now known, it is 
considerably larger, numbering 204 species, but chiefly because we have 
in America a large number of plant-bearing deposits that correspond 
so closely with those of Portugal that a comparison may be legitimately 
made, and furnishes valuable results. It is true that our American 
Lower Cretaceous flora has been now so extensively worked that it has 
assumed relatively large proportions, numbering at the present date 
over 800 different species. The Potomac formation alone furnishes no 
less than 737 species. The interest is still further heightened by the 
fact that in the Lower Cretaceous of both Portugal and America the 
plant-bearing beds occur at a number of distinct horizons, which may 
not without profit be directly compared in the two countries. For 
example, the Potomac formation now furnishes at least five distinct hori-
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zons from which fossil plants have been obtained, the lowest being the 
James River series, which may extend as low as the top of the Juras&ie. 
The next higher is the Rappahannock series, so well known at Freder- 
icksburg, Va., and other points on the Rappahannock and Potomac 
rivers. The third is the Mount Vernou clays which directly overlie 
the last named and have furnished a distinct flora. The fourth is the 
Aquia Creek series which iiuconformably overlies the last, in some 
places at least. The fifth is undoubtedly much higher, and there 
appears to be a considerable thickness of nonfossiliferons deposits inter­ 
vening between the last named and those plant-bearing beds that have 
been discovered on the eastern side of the District of Columbia and at 
other points near Washington, on the Severn Kiver, and on the eastern 
shore of the Chesapeake Bay, which have furnished a flora substan­ 
tially identical with that of the Amboy Clays on the ftaritan River, and 
not widely differing from that of Staten Island, Long Island, and 
Marthas Vineyard, which I have called the Island series, nor from 
that of the Tusealoosa formation of Alabama.

The Lower Cretaceous of Portugal is subdivided into a very similar 
series of plant-bearing deposits. One locality, Valle-de-Brouco, is 
referred by Choffat to the Infravalaugiuiau, which is at the very base 
of the Neocoiman, and corresponds well with our James River series. 
An important plant-bearing locality between Matta and Valle-de-Lobos, 
is regarded as Va-langinian or iTeocomian, as is also the series in the 
vicinity of Torres-Yedras, viz, at S. Sebastiao, Quinta-da-Fonte-Nova, 
Forea, etc. This horizon may be compared with, the Rappahanuock 
series of the Potomac formation. Near Cereal and Zambujeiro a large 
flora has been obtained. The plants are of rather ancient types, but 
denote a horizon considerably higher than the one last mentioned. 
Saporta refers them to the Urgonian, and M. Choffat does not decidedly 
object to this, but says that the stratigraphy, so far as he can judge, 
would indicate a somewhat later age. This horizon may be nearly the 
same as that of the Mount Vernon series of the Potomac formation. 
The beds of Almargem, which have furnished many species, chiefly 
determined by Heer, overlie the recognized Urgonian and probably 
belong to the next one, called by the French geologists the Aptiau. 
Certain other beds, as at Caixaria and Caranguejeira, are less definitely 
fixed geologically, but probably belong to about the same horizon. The 
Aptian of the French geologists lies between the Urgouiaii below and 
the Albian above, and corresponds in the main with the Lower Green- 
sand of England. It may be compared with the Aquia Creek series 
of the Potomac formation, which has yielded a large number of fossil 
plants, including such well-marked dicotyledons as Celastrophyllum 
and Sapmdophyllum.

Above these beds there is an abundant plant locality at Buarcos, 
which is classed as Albian, and still higher others at Nazareth, Alca- 
nede, and Monsanto, also regarded as Albian, but as belonging to that
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uppermost member called Vraconman. The Albian corresponds in a 
general way with the Gault and is tlie uppermost section of the Lower 
Cretaceous, the overlying beds being Cenomanian, which is the lowest 
subdivision of the Upper Cretaceous. These Albian plant-bearing beds 
may be roughly compared with what has been called in America the 
Amboy Clays, but which has recently been more correctly named by 
Prof. William B. Clark the Raritan formation. In America, as in Por­ 
tugal, this deposit may also be divided mto two parts, a lower and an 
upper, the former consisting of the beds along the Raritan, winch them­ 
selves have a considerable thickness and show marked changes in the 
flora, while to the latter belong the deposits on Staten Island, Long 
Island, Marthas Vineyard, the Island series, which have yielded large 
collections chiefly from indurated nodules formed in red clay. If the 
Buarcos bed is correlated with the Raritan, the Vra>connian may corre­ 
spond to the Island series.

Finally, in the valley of Alcantara, at Padrao, Pombal, and Villa- 
Verde-de-Tentugal, there are plant-bearing beds belonging to the 
Cenomanian. It is possible that these latter may not be higher than 
those of Long Island and Gay Head.

In describing the lithological character of the strata in the vicinity 
of Torres Vedras, M. Choffat says:

The sandstones of 'Pones are in general incoherent, they contain numerous woin 
quartzites either in giains or pebbles, sometimes attaining the size of the hst and 
giving place to conglomerates Some beds aie fine and argillaceous, there are even 
clay masses and also beds of siliceous cement foimiug true qnartzites The coloi of 
the whole is a yellowish-white, sometimes leddish, the clajs are bometimes daik 
gray, but they are in too small quantity to influence the general aspect, the whitish 
color of which is chiefly due to the presence of kaolin

As regards the plant beds he almost always describes them as con­ 
sisting of clay lenses ("lentilles d'argilo"), and in much of his general 
description he might have been treating of the Bappahaimock series of 
Virginia, so similar arc these practically equivalent beds on opposite 
sides of the Atlantic.

I had had some curiosity to know how the fossil plants from the Por­ 
tuguese beds occurred. Most of the fossil plants known are broken out 
of hard rock, the leaf impressions forming natural planes of cleavage; 
these may be sandstones or indurated clays, rarely limestones; but in 
the Potomac formation the case is entirely different. In all beds below 
the Island series the plants occur in clay, which is either laminated or 
regularly stratified between the sands, or else it occurs in lenses and 
pockets, the latter being the prevailing form in the older beds (James 
River and Eappahannock series), and the former being the regular mode 
of occurrence in all the Newer Potomac deposits (Albirupean, Raritan 
clays, etc.). In the Island series, however, the plants mostly occur in 
nodules, which are more or less completely lithifled, but are formed 
within the clay after the manner of concretions by the action of iron 
and other minerals. I was therefore greatly interested to examine the
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POSITION 
DOUBTFUL

>RANGUEJEIRA

BED5 OF
ALMARGEM

matrix in which the Portuguese fossil plants occur. It evidently cor­ 
responds very closely with that of the great majority of the Potomac 
deposits. The plants occur in the clays, which are more or less soft and 
even plastic when first exposed, but harden on drying. In some of the 
Potomac beds the vegetable matter of the leaves remains as a thin, black 
film coveriugtheclay, 1______^==____________________
which, being damp 
when first exposed to 
the light, almost im­ 
mediately cracks and 
crumples on drying, 
and is thus more or 
less completely lost. 
But in most cases the 
vegetable matter is 
reduced by compres­ 
sion and other influ­ 
ences almost to a mere 
stain, often of abrown- 
ish color, upon which 
the fine nerves are dis­ 
tinctly visible. This 
last seems to be the 
character of the pres­ 
ervation of these im­ 
pressions in the Port­ 
uguese beds, and the 
similarity in the na­ 
ture of the matrix is 
very marked.

I give herewith (PI. 
CV) the diagram of 
the Cretaceous plant- 
bearing beds of Port­ 
ugal prepared by M. 
Chofl'at and published
in the ioillt memoir of  FIO- ""  Correlation table of the Mesozolc deposits of Portugal. 
  2 , . . .  From Paul Choffat, 1894.Saporta and himself.
It embraces a small sketch map of the locality and profiles. I also give
(Fig. 69) his diagram showing the correlation of these several beds.

Properly to illustrate the character of the Lower Cretaceous flora of 
Portugal I have prepared three tables of distribution.

The first embraces the entire flora of 204 species and shows their 
distribution in Portugal alone, but throughout not only all the Lower 
Cretaceous beds, but also the Jurassic below and the Cenonianian 
above.

HAUTERIVIAN

VALU-DE- 

lABOS

Note:
The Section tines indicate deposits 
of limestone or Calcareous Marl 
w/ffi Afari/tf fbssi/s. Part'swifhouf 
Section fines indicate sanas and 
£r-ave/s wiffJOt/f- Marine fbssiJs. 
or fiav//ig them onfy in one or/wo 
brc/s..
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The second contains only the 11 species that occur in the Lower 
Cretaceous of America. None of them aie peculiarly American species, 
but nearly all have a wide distribution over the world. Their complete 
lateral and vertical range is given.

The third table embraces 12 of the new species of Saporta which he 
compares with American species, or with species occurring in America, 
with the full distribution not only of the Portuguese forms, but of the 
plants with which they are compared.

List of the Lower Cretaceous plants of Portugal with their geological 
distribution in that country.
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List of the Lower Cretaceous plants of Portugal with their geological 
distribution in that country Continued.
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List of the Lower Cretaceous plants of Portugal with their geological 
distribution in that country Continued.

Species

Mesozoib

Cretaceous

Lower Cretd< eons
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venulosura Sap ..........
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Oiiychiopsis Mantelli (Brongn.) Seward ,. 
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Pal.poeypaiis flexnosti Sap................

obsciua Sap................
Palaiolepis bicornuta Sap.................
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Pecoptens Cboftntiana Heer............ .
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List of the Lower Cretaceous plants of Portugal utth their geological 
distribution in that country Continued.
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As will be seen from the first of these tables, the floras of the several 
horizons in the Lower Cretaceoxxs of Portugal difler less in their abun­ 
dance than those of the Jurassic. The largest is that of the \7"alan- 
ginian, amounting to 88 species, or over 43 per cent; the Urgoman has 
yielded only 45 species, or 22 per cent; the Apttau, 25 species, or over 12 
per cent; the Lower Albiau, 64 species, or nearly 32 per cent; the Upper 
Albiau or Vraconnian, 26 species, or nearly 13 per cent. The striking 
coincidence of the parallelism between these horizons and those of the 
Potomac formation 111 America is still further heightened by the cir­ 
cumstance, accidental perhaps, that the numerical proportion exist­ 
ing between the species now known at the corresponding horizons in 
America is very nearly the same. The Basal Potornac, corresponding 
to the Valangmiau, has yielded 329 species, or a little over 44 per cent; 
the Mount Vernon clays, which were compared with the Urgoniau, 42 
species, or somewhat less than 6 per cent; the Aqnia Creek beds, cor­ 
responding to the Aptian, 137 species, or rather more than 18 per cent; 
theRaritau beds and their equivalents, compared to the Lower Albian, 
204 species, or nearly 36 per cent; and the Island series, compared to 
the Vraconnian, 133 species, or 18 per cent. These results may be put 
in the following tabular form:

Comparative table of percentages.

Lowei Cretaceous of Portugal.

Horizona

Lower Albian .. .

Per cent

13 
32 
12 
22 
43

Potomac, iormatiou of the United States

Hori/ons Percent

18 
36 
18 
6 

44

The Mount Vernou clays have been very little developed as yet, and 
when this florula is thoroughly known it will probably fully equal that 
of the Urgoman beds of Portugal relatively to the total flora.

Taking the Cretaceous flora of Portugal as a whole, exclusive of the 
Cenomauian, it is found to consist of 2 algsb, 2 Hepaticoe, 1 species of 
Isoetes, 3 of Lycopodites, 2 equiseta, 79 ferns, 15 cyca.ds, 29 coulters, 5 
anomalous types classed by the author under the head of Proangio- 
sperms, 16 monocotyledons, 47 dicotyledons, and 3 forms of uncertain 
affinity.

It will be seen that, as in the Jurassic, so in the Cretaceous, the ferns 
predominate, and of these 30 species belong to the genus Spheuopteris, 
and 12 to Cladophlebis. Seven of the cycads belong to the genus Pod- 
ozainrtes, and 3 to Glossozamites. The conifers are much more evenly 
distributed, there being 5 species of TJrachyphyllum, and 3 each of 
Sphenolepidiurn and Thuyites, while a large number of genera have
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only one or two species. Among these are Frenelopsis, Palaeooyparis, 
Paheolepis, Sequoia, and Widdrmgtomtes. The genera referred to 
the Proangiosperms are Changarmera, Eohnon, Yneeites, Delgadopsis, 
and Protorhipis, some of which will require special mention further on. 
Nine of the monocotyledons consist of grass-like objects referred to 
P.oacites, some of which Saporta classes under the Proangiosperms and 
others as true monocotyledons, but I prefer to group them together. The 
dicotyledonous flora is here well developed, but most of the forms occur in 
the Albian. Seven species are referred to a new genus, ProteophylLum, 
a name too near to both Protercphyllum of Foil tame and Protophyllurn 
of Lesquereux, but the forms are different from both of these; four to 
the new genus Dicotylophyllurn, and 3 each to Eucalyptus, Lauras, 
and Sal ix.

In comparing the Cretaceous flora of Portugal with that of America it 
is true that we find only a few species that are common to the two coun­ 
tries, really only five, as follows:

Cladophlebis Browimma (Dunk ) Sewaicl 
Cladophlebis Dunken (Schimp.) Seward 
Onychiopsis Muntelh (Brongu ) Seward 
Splienolepidinm Kurrinnum (Dunk ) Hecr 
Spheuolepidumi Stercbergiamiin (Dunk ) Heer

These are all plants of wide distribution, and argue very little for the 
identity of the particular horizons in which they occur. The couipari 
sons which are indicated in the third of the above tables are much more 
significant from this point of view, and it is altogether probable that if 
all the material from both countries could be studied together there 
would be a large number of specific identifications.

We should not, ot course, expect the species to be common to any great 
extent, and the comparison is practically limited to the genem. Looked 
at from this point of view, we see that the resemblance is indeed close, a 
great number of the important genera occurring in both floras. There 
are no less than 40 of these common to the two, though in some cases the 
author's individuality is probably alone responsible for slight differences 
of termination in the names. For example, forms referred to Baiera by 
one would be referred toBaieropsis by the other, and so with Ctenis and 
Ctemdinm, Myrsine and Myrsmophyllum, Oleandra and Oleandndmm, 
Salix and Sahciphyllum, Thuya and Thuyites, etc.

Many of these genera, when we consider the difference in the size 
of the two floras (about as 1 to 4), oeenr in both countries in nearly the 
same proportion. For example, of Aralia we have in Portugal 2 species, 
in America 11; of Brachyphyllnni, in Portugal 5, in America 9; of Cla­ 
dophlebis, in Portugal 12, in America 25; of Frenelopsis, m Portugal 2, in 
America 0; of Laurus, in Portugal 3, m America 8 j of Myrica, in Portu­ 
gal 2, in America 11; of Podozanntes, in Portugal 7, m America 15; of 
Sphenolepidium, m Portugal 3, in America 9, etc. There are, of course, 
some cases in which the proportion is not the same. Thus, only 1 spe­ 
cies of Magnolia occurs m the Portuguese beds, while in America we
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have 12, and on the other hand the largest Portuguese genus, Sphenop- 
teris, represented there by 30 species, counts m America only 8 species. 
But here it may be supposed that the true representative in America 
of the Sphenopteris type of Portugal is really that exceedingly abund­ 
ant genus Thyrsopteris, which numbers 40 species in the American beds. 
This would somewhat restore the relative proportions. On the whole, 
then, it may be considered that the Lower Cretaceous flora of Portugal 
is, botamcally speaking, a very close repetition of that of America; 
and in view of the fact that in both countries a number of distinct hori­ 
zons showing the progressive change in the flora throughout that 
period have yielded fossil plants in such a way that, if the Portuguese 
beds were as fully developed as are the American ones, each of these 
florules might also be compared, the subject becomes rather fascinating.

ARCHETYPAL ANGIOSPERMS.

Space will only permit the consideration of one other important 
aspect, viz, a comparison of the dicotyledonous forms m the two coun­ 
tries together with those ancestral types which Saporta regards as 
prophetic of that great group of plants. This last question may be 
considered first. He finds among the specimens certain forms which 
he refers to the genus Protorhipis of Andrte. This genus was founded 
in 1853 upon some remarkable forms from the Lias of Steierdorf in 
Banat, Hungary, 1 which Andrse regarded as a fern and placed under 
the Pecoptendese. He compares it with Jeanpauha, which has since 
been proved identical with Baiera and correctly referred to the Coni- 
fer?e; also to Gyclopteris, Comptopteris, Diplodictyum, and Thaiuna- 
toptens, among fossils, and to Platycerium, among living ferns.

When I first saw the figure of his Protorhipis Bucliu, I had grave 
doubts of its being a fern and inclined to believe that it represented 
some higher type of vegetation. I am therefore not surprised that 
Saporta has arrived at the same conclusion, and am highly gratified 
that he has had the courage to give it publicity, notwithstanding the 
fact that Schimper, Schenk, Heer, and JTathorst have all been content 
to regard it as a fern of the type of Drynana, Platycerium, Allosorus, 
Clathropteris, and the other living and fossil forms already mentioned. 
I have reproduced Andris's figure (PI. CVI, Fig. 1) for purposes of 
comparison.

In 1865 Zigno discovered another species which, however, differs in a 
marked manner from the original of Andrse, having the margins entire. 
It is a small, deeply kidney-shaped leaf resembling that of some species 
of Asarum, and \vas named P. asarifoha. This comes from the Oolite 
of Italy.3

The forms described by Nathorst in 1878,3 though much smaller, are

iLias Flora von Stcierclart im Banate, by K J Audrpe, Abbaudl d k k geol Keiclisanst, Vol II, 
Abth 3, No 4, 1833, pp 35-36, pi viu, fig 1 

>F1 3?oss Form Oolithic,p, Vol I, 1863, p 180, pi ix, figs 2, 2a 
»F1 v Bjuf, Pt 1, p 42, Pt 2, p 57, pi xi, figs. 2, 4
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otherwise similar to P. Bwchii, and 2fathorst at first proposed to refer 
one of them to that species, but later concluded that it was distinct 
and made two species, P. inteyrifolia and P. crenata.

In 1880 Heer described another small cordate form from the Oolite 
of Siberia. It is similar to Zigno's species and was named P. rem- 
foinn,^. 1 Two years later, however, he found another similar form in 
the Koine beds of Greenland, TJrgouian, which is rather cordate than 
reniforui arid which he called P. cordata? Both these forms have the 
margins entire.

Saporta in this work has revised all these forms and comes to the 
conclusion that they can not be ferns, and although the original P. 
Buchii and both of Nathorst's species, though lacking the distinction 
of midrib and secondary nerves, so closely resemble dicotyledonous 
leaves and are somewhat comparable in nervation to Credneria and 
some fossil Viburnums, as well as to such living genera as Glechoma 
and Ohrysospleuium, still he hesitates to class them in that group. He 
has caiefully lefigured both of Nathorst's specimens, and these revised 
figures are here reproduced (PL OVI, Figs, 4 and 5). All these he care­ 
fully compares with the Portuguese form, which he names P. Choffati, 
two of the most perfect figures of winch are here shown (PI. CVI, Figs, 
2 and 3), and classes the whole in the special group which he long ago 
created and denominated the Proaugiosperms, as representing the fore­ 
runners of both the monocotyledons and dicotyledons. The Portuguese 
species comes from the beds at Cereal, which, as we have seen, may be 
referred to the Urgonian. It is therefore probably of about the same 
age as the Kome beds of Greenland from which Heer derives one of 
his species; all the others, of course, are of far moie ancient origin, viz, 
Jurassic, imd it is not to be wondered at that no one should have ven­ 
tured to refer them to any modern type.

Of the other four genera referred to this group, viz, Changarmera, 
Yuccites, Delgadopsis, and Bohnon, the first two come from the Valan- 
giniau (Neocomian) of S. Sebastiao, the third from the Urgonian of 
Cereal, and the last from the Albian of Buarcos. They all seem to be 
ancestral monocotyledons. Delgadopsis occurs m two forms, first as a 
sort of culm or broad striate stem, and secondly in the form of a jointed 
rhizome, the swollen joints emitting innumerable rootlets, which when 
absent leave peculiar scars.

Choffatia Francheti from Cereal, regarded by the author as a dicoty­ 
ledon, is also a very remarkable plant, and has been aptly compared 
by him to certain euphorbiaceous forms, such as Phyllanthus. It also 
resembles some species of Euphorbia. It seems to be a floating aquatic, 
and specimens with the fibrous roots occur in the collection. In some 
ol these, descending fibers occupy one side of the stern or rachis, while 
the floating or aerial leaves occupy the other.

>F1 Fuss Arct, Vol VI, Aljth 1, Pt I, p 8, pi i, fig 4a 
'Ibid , Abth 2, p. 10, pi ui, fig 11
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Upon the whole it can not be said that any of these higher types, 
found below the Album and corresponding 111 age to our Middle and 
Older Potomac, very closely resemble the plants of the same geueial 
class from the American beds of that age, and yet there aie certain 
Potomac forms referred by Professor Fontame to Menispermites, 
Hederiephyllnm, Proteffiphyllum, and Populophylluui, whose areolate 
nervation somewhat resembles that of Pi otorJwpis Cliofftiti. The new 
genus Dieotylophyllum, of wlncli he finds four species in the Urgonian of 
Cereal, and which he very properly regards as a true dicotyledon, some­ 
what resembles theProtorhipis, but lacks the peculiar areolate nervation. 
These leaves are all quite small, but show a somewhat distinct midrib 
and usually 2 to 4 lateral primaries. In form they recall some species of 
Vitis or Cissites, andD. certijorme, while not resembling Cercis, as the 
specific name would imply, has many of the characteristics of Hedera. 
It may be roughly compared with Professor Fontaiue's Vitiphyllum, 
from the Potomac of Baltimore, ami except 111 size D. hederacenm and 
D. corrugatum are fairly comparable with Populophyllum remforme Font, 
and Protefiiphyllimi remjormc Font. Several of the American forms are 
reproduced here for comparison (see PI. CV1, Figs. 0-9).

In'the Albian beds of Buarcos, and especially in the Vraconnian of 
Nazareth, \ve begin to find some of the higher types. But the genus 
Proteophyllurn has still a very ancient appearance, with a more or less 
areolate nervation. It is a narrowly-lobed leaf, remotely recalling lu 
its general form some species of Uewalqiiea. It may be possible to 
trace this form into his Araha calomorpha from the same beds. His 
Adoxa prcvatavia is a very peculiar plant, which also reminds one of 
Vitiphyllum Font., although species of the latter genus which show 
the branching character have not yet been figured. His Braiemopsis 
venulosa has some of the characteristics of Protophyllmu of Lesquereux, 
but is usually smaller and always entire; the nervation is also different 
except at the base of the leaf, which has a large expansion below the 
summit of the petiole, as in Protophyllum. Myt sinophyllum revisendum 
will doubtless have to be revised. It is much like Potomac forms that 
have beeiireferied to Myrica(e. g., M. brookensis) and Celastrophyllum. 
It is entirely different from the Myrsine boreahs of Heer, which, with 
two other species, occur in the Amboy Clays and Tuscaloosa formation. 
His Cissites olttusilobus, of which I give one figure (PI. CVII, Fig. 1), is 
very close to Foutaine's Vitiphyllum (Cissites) multifidum (PI. CVII, 
Figs. 2-5). His Menispermites cercidifohus, though much smaller,is not 
unlike Professor Fontaine's M. virgmienms, especially the smaller forms 
which I have found in the Mount Vernon clays. His Aralia proximo, 
can scarcely be distinguished from A. Wellingtomana of the Dakota 
group, more common 111 the Newer Potomac.

It is only lu the Nazareth beds (Vraconnian) that we find the typical 
Amboy Clay flora. Here we have the Eucalyptus, Laurus (Laurophyl- 
lum), Salix, Myrsinophyllum, Sapindophyllum, etc., some of which are 
doubtless specifically identical with forms described by Newberry, and
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it is altogether probable that if the posthumous work of Dr. Newbeny, 
now in press, had been in tLe hands of the author a large number of 
the species would have been identified with American forms.

I will notice only one other significant fact. In the Cenomaniau beds 
which overlie these last, as it would seem unconformably, but which 
may not be so widely separated from them as has been supposed, there 
occurs a large elongated leaf which the Marquis lias called Clwndrophy- 
ton laceratum. It agrees only in its finer nervation with C. dissectum 
Sap. & Mar , the only other species. 1 It has a very delicate nervation 
with small polygonal meshes, and an entire paryphodrome margin, but 
the remarkable fact is that it seems to have a deeply retuse summit. It 
is evident that from the specimen the author was unable to make this 
latter out with certainty; but lie has drawn the marginal lines so as 
distinctly to indicate it. So desirous was he that this leaf should be 
correctly represented that he has given us two interpretations from 
drawings made at different tunes (tigs. 4 and 5 of pi. xxxvm). He 
states that he considers fig. 5 to represent the form better fiiau fig 4, 
and it is in this that the terminal lobation is most clearly shown. A 
comparison of this figure with the numerous specimens of Lit wden- 
dropsis simplex of Newberry, leaves no doubt whatever that the Portu­ 
guese plant is at least a congener of the American plant, and it is just 
possible that it may belong to the same species. As this form has been 
three times published, 3 it is a little surprising that Saporta did not 
think to compare it with the Portuguese plant. There are differences m 
the finer nervation, but this is also perceptible between his two draw­ 
ings of the same specimen; these also differ in different specimens of 
the American plant, and one or two other species remain to be published. 
When all the material is'illustrated most of these differences will disap­ 
pear. If any remain they can be ascribed to difference of age and geo 
graphical position. I do not, therefore, hesitate to refer this plant to the 
American genus and to rename itLiriodenclropsis lacerata. On PI. GV1I, 
Fig. 6, Saporta's best figure is here reproduced, by the side of which 
(Figs. 7 and 8 of the same plate) is shown our L. simplex from the Ainboy 
Clays. I had expected to use some of the published figures above 
referred to, but thinking that possibly Dr. Hollick might have some 
drawings that would be available for the purpose I sent him Saporta's 
plate and requested him to inform me whether he knew of any speci­ 
mens of Linodendropsis that approached any more closely to the 
Portuguese plant than those already published. He investigated the 
matter and made drawings of two forms, both of which deviate 
slightly from the type of L. simplex. That represented by Fig. 7 seems 
to be nearestto Saporta's figure. It is what Dr. ISTewberry distinguished 
as the variety angustifolia. The other form, Fig. 8, is nearer the type, 
but belongs near a group that Dr. Hollick proposes to regard as form­ 
ing the variety constriota. It shows the summit better than the other.

'Involution du Kegne V6g£tal Les Plianfirogames, par G do SapoiU et A F Marion, Vol II, 
P<iri9,1885, p 120, fig 120

 'Bull Ton Bot Club, Vol XIV, Now York, January, 1887, ]i 6, -pi Ixll, figs 2, 3 4, Am Journ Sei , 
3d ser , Vol XXXIX, New Havon, February, 1800, p 98, pi n, figs 6, 7, Trans N Y Acad Sci , Vol. 
XI, 1803, p 102 pi 11, figs 2-7,9.
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STRUCTURAL DETAILS IN THE GREEN MOUNTAIN 
REGION AND IN EASTERN NEW YORK.

BY T. NKLSON DALE.

INTROD UCTION.

After several years of field work in a region and the publication of 
its moie important results, there may yet remain scattered in a geolo­ 
gist's note-books descriptions and sketches of details at disconnected 
localities which either illustrate in a fresh way well known geological 
laws or throw a little more light on less familiar ones.

The great movements which have produced what Sir William Dawson 
fitly calls "mountains of crumpling" are apt to leave their record on 
every cubic foot of the region affected by tliein whenever its materials 
are sufficiently fine grained. For this reason the characteristic fea­ 
tures of such mountain-making movements are often quite as truly 
shown by single ledges, or even hand specimens, as by whole mountain 
sides.

This is particularly true of the Green Mountain ranges and their 
western foothills in New York. In this paper a number of observations 
of such minor objects in that regiou have been brought together and 
made to tell their own story in few words. In each case the observa­ 
tions have been, as far as possible, bi ought into relation with the geo­ 
logical principles which they illustrate. These chips from a geological 
workshop may prove useful to teachers; some of them may afford hints 
to field geologists in other but similar regions, and a few may find 
application 111 economic geology.

INCLINED AND OVERTURNED FOLDS.

In an old limestone quarry at Leiiox, Mass., a narrow cart road has 
been cut through an anticline, thus giving two transverse sections of 
it (figs. 70, 71). A system of east-and-west vertical joints probably 
facilitated the operation. The anticline has the prevailing strike of the 
region, north 20° east, and dips 40° east on its eastern side and about 75° 
east on its western. It is compressed and overturned so that its axial 
plane dips about 50° east. The usual thickening'and pinching out of the

549
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beds along the apex of the fold is well shown. In one of the upper 
beds (fig. 70) a slight faulting has resulted. The southern face (fig. 71) 
has suffered more weathering, and shows a very low easterly cleavage 
crossing all the beds and evidently subsequent to the folding. In 
limestone, weathering often brings out structural features which could 
otherwise hardly be detected. Overturned folds, i. e., with axial planes

I'M}. 70. Overturned anticline of crystalline limestone with easterly dipping axial plane, Lenox, Mass. 
Photograph taken looking south. Height, 15 feet. The dark layers are due to yellowish weather­ 
ing. The folds are thickened at the top and drawn ont. Some faulting has occurred here in the 
upper layers.

dipping east or west more frequently, however, to the east are well 
known as typical of the western part of the northern Appalachian 
region.

Within a few hundred feet of this is another limestone fold (fig. 72), 
in which the overturn has proceeded a step farther. We have either 
the eastern or the western limb of a syncline folded over onto itself so 
as to form a minor anticline and syncline.
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A cliff of Silurian shale along the gorge of the Hoosick at Schaghti- 
coke, Rensselaer County, N. Y., 5 miles west of the Hudson (fig. 73), 
shows how misleading a series of such similarly overturned folds may be 
to onemakingestimates of thickness, even when cleavage phenomena are 
absent. In crossing the upper edges of such a series the observed dips 
would all be easterly at various angles. This series of small, acute folds

FIG. 71. Same anticline as in fig. 70, but 10 feet farther north. Photograph taken looking north. The 
face has suffered erosion, bringing out a very low easterly dipping cleavage.

with easterly dipping axial planes probably forms part of the side of a 
broad fold, and the dip to be entered in the geologist's note-book in sucL 
a locality ought to be " low west, in small folds."

On the Lebanon Springs Railroad a little south of Stephentown, 
Eensselaer County, N. Y., the Silurian slates contain a small, extremely 
compressed anticline so overturned that its axial plane dips only 
10° (fig. 74). It is traversed by a slaty cleavage parallel to its axial 
plane.
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Slightly overturned folds may be confined to certain zones of strata 
and also have pitching axes. Thus at Ashley Hill, near Rayville, in 
the northern part of Columbia County, N. Y., there are beds of red shale

5 to 6 inches thick al­ 
ternating with beds 
of very quartzose 
limestone 1 to 3 
inches thick (fig. 75). 
The axes of the folds 
pitch 60° south. 
This folding seems 
to be confined to 
some 10 feet or so 
of strata, for a few 
feet east and west 
the beds resume 
their usual north­ 
erly strike and east­ 
erly dip, and the

FIG. 72. A fold witbin the limb of a syncline of crystalline limestone, 
Lenox, Mass. Sketch taken looking north; area 15 by 15 feet. At 
A the upper side of the bed; at B the lower side reflexed.

folding disappears. 
The shale beds have 
a cleavage which

strikes and dips conformably to the unfolded beds on both sides of the
folded zone (see fig. 76). 

Such small b Its of strata plicated along the strike within a mass of
strata which is
broadly folded
in a direction
across the
strike are not
of very fre­
quent occur­
rence. They
may, perhaps,
be accounted
for by the un-
equalplasticity
of different
beds, the softer
ones thinning
out under pres­
sure more than
the harder

ones, that is,

__,
G- 73-  Sketch of a series of overturned folds of shale, with easterly dipping 
axial planes, on the right bank of the Hoosick, at Schaghticoke. N. T.

becoming longer. The plication of such beds along the strike would 
then be the result of the taking up of their surplusage iu that direc-
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tion. 1 In this instance this plication, instead of acting directly along 
the strike, seems to have acted in a direction between it and that 
of the general dip of the entire series, thus giving a southerly pitch 
to the subordinate folds.

FIG. 74. Overturned compressed anticline of slate with axial plane dipping 10°, and with slaly 
cleavage parallel to it. Length, 6 feet. Stephentown, Rensselaer County, N. Y. Photograph.

TRANSVERSE FOLDS.

In Dr. J. E. Woltf's section of Hoosac Mountain 2 the folding of a great 
mass of beds in two directions at right angles to each other, i. e., with 
and across the strike, is finely shown.

The anticline is 1£ miles broad at the surface from east to west, and 
the transverse anticline, i. e., the one in the axis of the fold, is about 4J 
miles long at the surface from north to south.

At the foot of the Taconic Range, near the west end of the village of 
Williamstown, about 8J miles northwest of the great complex Hoosac 
anticline, is a hillock of quartzite and limestone of Cambrian and Silu­ 
rian age 3 in which the Hoosac structure is repeated in miniature, the 
whole structure being exposed within about one-third of a mile square. 
Further study may show that this structure is characteristic of the 
Green Mountain region.

On the north, the east, and the southwest sides of the hillock the 
limestone crops out, overlying, as it should, the qnartzite of the Ver­ 
mont formation, which constitutes its center and top. Similar relations, 
if one mayjudge from the outcrops along the strike to the south, probably

1 See Archibald Geikie's report on recent work of the Geological Survey in the Northwest Highlands 
of Scotland, etc.: Quart. Jour. Geol. Soc., London, Vol. XLIV, p. 397, where he describes a similar 
overfolding of small micaceous layers. This structure also occurs in Cambrian schists and quartzites 
at Clarendon in Vermont.

* Men. TJ. S. Geol. Survey, Vol. XXIII, PI. VI, Sees. V, X, XII.
3 See Ibid., PI. I (map).
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Quart lire  

Shale

recur on the west side, which, however, is covered with drift. The dips 
on the east are about 30° east, on the north about 30° northeast, and on 
thesouthwest about 45° southwest. Fig. 77 represents asection crossing

the hill nearly in the 
direction of the axes of 
the folds of the region; 
fig. 78, one crossing it 
at right angles to them. 
In fig. 77 the parallel­ 
ism between the fault­ 
ing and the cleavage 
is noticeable, also the 
partial protection 
afforded to the lime­ 
stone synclinal cores 
by the quartzite anti­ 
clines. 1 Such longi­ 
tudinally folded anti­ 
clines show that the 
compression which 
was concerned in the 
formation of the Green 
Mountains operated 
both in a northwest- 
southeast and in a 

northeast-southwest direction. On the theory of the contraction of 
the earth's interior as the cause of mountain systems, and even on that 
of the expansion of the 
crust, it seems more ra­ 
tional that the corrugation 
of the sedimentary beds 
should have occurred si­ 
multaneously in two direc­ 
tions at right angles to 
each other than that it 
should havebeen confined 
to one. It must be ad­ 
mitted, however, that the 
Hoosac structure is prob­ 
ably uncommon in the 
Green Mountain region. 
That the northeast-southwest folding was the result of a secondary 
movement seems difficult to believe, on account of the great rigidity 
which the first folding and its accompanying metamorphisni must have 
imparted to the masses.

FIG. 75. Belt of folded and pitching strata of shale and quartzose 
limestone, with a slaty cleavage confined to the shale. Sketch 
taken looking down along the pitch. Ashley Hill, Columbia 
County, !N. T.

Stride & dip (of beds east & west of folded belt 

Shsle-t:

Fid. 76. Diagram of above, looking across the strike. The 
cleavage in the shale is parallel to bedding east and west of 
folded belt.

1 In gathering material for this section the author has availed himself to some extent of the labor of 
a former student of his, Mr. Alexander Sloan.
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VERTICAL DISAFPEARAXCT3 OF FOLDS.

A specimen, fig. 79, from the Taconic Range, about 6 miles west of 
Pittsfield and a mile north of Perry Peak, illustrates a familiar fact in 
stratigraphical and experimental geology, namely, that crumpling in a

ME 
LIMESTONE

. 77. Longitudinal section of hillock ("Bullock's cobble") at west end of Williamstown village. 
Mass., showing longitudinal folding, faulting, and cleavage. Looking southeast.

FIG. 78. Cross-section of same hillock (fig. 77), looking north-northeast along the strike; the portion 
at the left taken from supposed relations south along the strike. The limestone may be overturned 
and, for a space, dip easterly under the quartzite.

series of superposed strata can not be uniform for any great vertical 
distance, even where there is no change in the material of the strata.

FIG. 79. Photograph of a specimen of chloritie sericite-schist from the Taconic Eange, 6 miles west- 
southwest of Pittsfleld, Mass., showing a plication disappearing in a direction vertical to the bed­ 
ding.

The folds die out above or below. Mr. Ashbumer's section of the 
Stanton shaft inversion' shows this dying out, both above and below, on

1 Reproduced in Thirteenth Ann. Kept. U. S. Geol. survey, Part II, PI. LXXII1.
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a large scale. The same occurs on a small scale in fig. 80. In such cases 
the cause may lie in the different tenacity of the material, as was sup­ 
posed in explaining fig. 76. These possibilities should be taken account 
of in the construction of sections.

w

FIG. 80. Sketch of a ledge of micaceous quartzite on the "west side of Rattlesnake Hill, Stock- 
bridge, Mass., 25 by 8 feet, showing the folds diminishing both above and below.

ORIGIN OF QITAKTZ LEASES IN THE BEDDING-PLANES OF
SEKICITE-SCHIST.

Quartz veins and lenses occur almost everywhere in the sericite- 
schist of the Taconic Range in Vermont and Massachusetts, and also 
characterize the Cambrian-Silurian schist mass of Hoosac Mountain.1

FIG. 81. Photograph of a ledge of plicated sericite, chlorite, quartz-schist in the Taconic-Greylock 
mass, New Ashford, Mass., showing quartz lenses and laminse in the bedding; in lower part, quartz 
in cleavage. Size of ledge, 14 by 10 feet.

Some of them are evidently in bedding planes; others, however, lie in 
cleavage planes crossing the former, and others again uccur in joints 
(see fig. 81).

i See Mon. U. S. Geol. Survey, Vol. X XIII, tigs. 7,31, 41,16, 47, 50, 51, 58, 70.
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The question arises whether those which lie in the bedding planes 
are silica which has filtered into partings between the strata formed 
during their plication and metamorphism, or whether they are replace­ 
ments of sedimentary material.

In traveling westward from Shaftsbury and Arlington, in Vermont, 
across the Taconic Range into Washing-ton County, N. Y., one crosses a 
great schist mass, part of which is of Silurian and part of Lower Cam-

FIG. 82. Photograph of the southern Bide of a ledge of small alternating beds of plicated slat* and 
quartzite, the latter weathering white. Two miles west of the Vermont line, in White Creek, Wash­ 
ington County, If. T. A mile off, along the strike of the folds, is seen the top of Goose-egg Hill, which 
consists of similar rocks. Hammer handle, 30 inches long.

briaii age; as a whole, therefore, it seems to correspond to the Hoosac 
schist of western Massachusetts. In the western portion the typical 
quartz veins and lenses give place to small beds, £ to 3 inches thick, of 
quartzite, which in places is more or less calcareous, and instead of the 
schist we have a fine-grained slate.

Fig. 82 shows a plicated mass of such alternating beds of slate and 
quartzite. Under the microscope the quartzite consists of interlocking
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quartz areas, with here and there a grain of plagioclase or a plate of 
muscovite or a fiber of sericite.

About a quarter of a mile west of this locality the slate is finely and 
sharply plicated, and contains small beds of quartzose material. Under 
the microscope these are found to consist of quartzite similar to that 
just described, but with cavities lined with limonitic staining from the 
decomposition of some ferruginous mineral. These beds, even wheu 
only one-fourth of an incli thick, are traversed by vein quartz, and par­ 
ticularly at the sharp turns where fractures would be likely to occur, 
so that it is difficult in the field to determine where the quartzite ends 
and the quartz, begins. On the whole it seems probable that the quartz 
lenses of the bedding originated in either of the following three ways:

FIG. 83. Section of crystalline limestone, mica-schist, and quartzite, 1J miles south of Jamaica vil­ 
lage, Windham County, Vt., showing false bedding. A, white and pink marble; B, feldspathic 
hiotite-schist, Gfeet; C. quartzose limestone; D, micaceous quartzite; (C and D together, 15 feet); E, 
feldspathic biotite-schist, 15 feet.

1. As infiltrations in partings parallel to the bedding during plication 
and metamorphism. 1

2. As infiltrations in small, plicated, stretched, and fractured beds of 
quartz sandstone or quartzite.

3. As replacements of calcareous beds after their plication and 
stretching.

A case like that figured on page 147 of Monograph XXIII, where the 
quartz of the bedding has suffered cleavage, points to movement subse­ 
quent to the cleavage and the metamorphism which attended the forma­ 
tion of the lenses. A large quartz vein in the pre-Cambrian granitoid 
gneiss of Stamford, Vt., is thus minutely cleaved. Careful observa­ 
tion and coordination of such instances in veins of segregation may 
lead to interesting inferences.

'Mr. C. L. Whittle, in a paper on " The occurrence of Algonkian rocks in Vermont and the evidence 
for their subdivision," Jour, of Geol., May-June, 1894, considers the secondary quartz in the bedding 
and cleavage planes of mica-schist to have originated rn "the excess of silica resulting in great part 
from the decomposition of silicates originally in the rock, the alumina and potassium going to form 
the muBcovite."
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FALSE BEDDING.

Besides all the structural difficulties arising from complex folding 
and metamorphisin, there occurs now and then false bedding, or "con­ 
torted false, bedding."

On the east side of the Green Mountain range, about 1 £ miles south­ 
east of Jamaica village, the Brattleboro and Whitehall Railroad cuts a 
series of alternating beds of feldspathic, quartzose biotite-schist. and of 
crystalline limestone, here and there of a delicate pink.

Two of the beds of limestone, more quartzose than the rest, and 
about 15 feet thick, with the mica-schist both above and below them in 
conformable contact, have the structure shown in fig. 83. The plicated 
structure can hardly be ordinary stratification. It may be a cleavage 
foliation originally diagonal to the bedding, but plicated in a secondary 
movement, or we may have to do here with such minor unconformities 
as are caused by the deposition of the limestone along a sloping bottom 
with currents occasionally eroding portions of the small beds, creating 
a plunge-and-flow structure, and this may have been plicated in the 
general compression of the mass. Someone may suggest a thrust 
plane between B and C, and another between D and E.

GLUES TO BEDDING.

Wherever bedding is obscured by cleavage one of the first things to 
be done is to distinguish, if possible, the bedding by tracing out the 
continuity of some 
minute line of sedi- 
mentary grains.1 
When the sediment is 
homogeneous this be­ 
comes impossible. In 
the Cambrian Silurian 
shales and slates of 
Washington County, 
N. Y., lines of holes 
occur now and then on 
transverse joint faces 
(see fig. 84, A, B, C). 
Upon a closer inspec­ 
tion these are found to 
be due to a very slight

iG. 84. Diagrams of sbale ledges showing obscure traces of bed­ 
ding, Washington County, N. T. A, bedding shown by lines of 
holes (due to dissolution of calcareous matter) crossing the cleav­ 
age; B, C, proof of interpretation of A; lines of holes parallel to 
small calcareous bed; D, bedding shown by uneven surface con 
tinuous with a delicate parting in the stratification.

calcareousness of the shale along certain bedding planes. Weathering 
attacks these planes more readily, but at irregular intervals, and the 
effect is as though small limestone pebbles had been dissolved out. 
Again, sometimes, in weathering, a slight parting in the stratification 
is sufficient to arrest vertical erosion for a time and expose the actual

1 See Thirteenth Ann. Kept. U. S. Geol. Survey, Part II, pp. 322-323, figs. 28, 29, 31.
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FIG. 85. Diagram of ledge of 
cleaved-shale inclosing small 
bed of limestone in step-like 
folds. Height, 10 feet. Lo­ 
cality, 1£ miles southeast of 
North Greenwich, Washing­ 
ton County, If. Y.

surface of a stratum, even where the cleavage foliation is the dominant
one. (See fig. 84, D.) 1

In fig. 85 is shown a plicated bed of limestone in a mass of shale. 
In determining the dip of such a mass neither 
the dip of the cleavage nor that of the separate 
limbs of the step-like folds of the limestone 
should be taken, but the general course of the 
limestone bed.

DIFFERENTIAL CLEAVAGE.

Where a bed of shale or other fine-grained 
rock is inclosed in a coarser-grained one cleavage 
foliation is apt to be confined to the former (fig. 
80). Where the adjoining strata are not plicated 
such localities may afford a clue to the relation 
between the dip of the cleavage and the direc­ 
tion of the pressure which produced it. If we 
suppose the cleavage in fig. 86 to have originated 
at the time of the folding, the force which pro­ 
duced the fold would seem to have operated in a 
direction nearly at right angles to the cleavage; 

but if the cleavage was produced while the beds were still horizontal, 
the direction of the pressure would be about45°to the dip of the cleavage.

How slaty cleavage may 
be confined to particular 
beds is also well shown in 
figs. 75,76, 85. J. Gosse- 
let gives a fine illustra­ 
tion of this in a section of 
certain slate quarries in 
northeastern France.2 
That the angle of the dip 
of the cleavage is deter­ 
mined in part by thephys- 
ical character (tenacity) 
of the rock materials is 
shown at the locality rep­ 
resented in fig. 87. Dif- 
erent materials diffract, 
as it were, the cleavage 
differently. Here the 
cleavage, in crossing alternating beds of shale and limestone, changes 
its dip, being almost vertical in the limestone and only 40° in the shale,

Verticel

FIG. 88. Diagram of ledge of grit and red slate in Grafton, 
Eensselaer County, N. Y. One of the beds of slate has a 
vertical cleavage which does not extend into the grit.

'Compare William W. Mattur. Geology of New York, Part I, PI. X, fig. 6, 1843. 
IJ.Gosselet, L'Ardenne, Memoires pour servir & rexplication de la carte geologique detaillee de 

la France, p. 41, fig. 7, Paris, 1888. See, also, Matter, op. cit., PL X, figs. 7 and 8.
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a difference of over 50° within a mass which must have been subjected 
to a uniform pressure. This is what Sir Archibald Geikie has termed 
" differential cleavage," and about which he says: " In fact, there seems

to be a constant relation 
between the inclination of 
the cleavage plaues and the 
texture of the strata; the 
fine flags and shale behave, 
so to speak, like lines of 
weakness, their constituent 
particles having been drawn 
out or dragged much farther 
than those of the grits." 1 
But in the locality which he 
figures the cleavage planes, 
instead of merely altering 
their dip angle ill passing 
from one material to an­ 

other, as in flg. 87, form in r the coarser beds "sigmoidal curves," 
which seem to be the result of a continuance of the motion after the 
formation of the cleavage. Fig. 87 represents simple differential 
cleavage, but Sir Archibald Geikie's, a more complex thing, a flexed 
or slightly plicated differ­ 
ential cleavage.

In fig. 87 the effect of 
the more tenacious or brit­ 
tle material, limestone, up­ 
on the cleavage has been 
similar to that of a denser 
medium upon a ray of 
light the cleavage has 
been, as it were, refracted 
toward the perpendicular-

FIG. 87.  Sketch of ledge of alternating beds of limestone 
and Bhale, showing the different effect of these materials 
upon cleavage ( l ' differential cleavage "). Erosion has in 
turn also affected these materials differently. Jackson, 
Washington County, N. Y.

CT^EAVAGT; BANDIXG.
5 f££T

FIG. 88. Diagram of ledge of slate (phyllite), showing slip 
cleavage confined to the tops and shorter limbs of the plica­ 
tions, giving the rock a banded structure across the bed­ 
ding planes. On the Battenkill, 1J miles west of Vermont 
line, in Salem, Washington County, N. Y.

One of the more inter­ 
esting developments of slip 
cleavage is shown in figs. 
88 and 89, from the schist and slate region of Salem and White 
Creek, in Washington County, N. Y. In fig. 89 the weathered bed of 
coarsely plicated quartzose limestone indicates plainly the direction of

1 Archibald Geikie, Report on the recent work of the Geological Survey in the northwest Highlands 
of Scotland, etc.: Quart. Jour. Geol. Soc., London, 1888, Vol. XLIV, p. 432, flg. 23. See, also, his 
Text-Book of Geology, 3d ed., 1893, p. 706, flg. 335. 
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the bedding. The slippage due to cleavage seems to have been mostly 
confined to certain narrow belts or bands, which recur at intervals of a 
foot or so. This appears to be the result, in some cases, of the inequal­ 
ity of the limbs of the plications and of the slippage occurring at the 
apex of the fold and within the shorter limb (see fig. 88). The 
effect is to give the rock a somewhat stratified appearance in the 
cleavage direction, i. e., across the stratification. My assistant, Mr. 
Louis M. Prindle, recently found in Benniugton County, Vt., 1J miles 
west of Itupert and one-fourth of a mile east of the Hebron (N. Y.)

FIG. 89. Photograph of slate ledge (phyllite) on the southeastern foot of Goose-egg Hill, in White 
Creek, Washington County, N. Y., looking north along the strike, showing, in upper part, a coarsely 
plicated easterly dipping bed of quartzose limestone eroded so as to leave a series of small caves in 
which ferns are growing. Above and below and parallel to this bed are the coarse plications of the 
noncalcareous slate, with a coarse slip cleavage, forming here and there cleavage bands. One of 
these traverses the calcareous bed, having withstood erosion. Hammer handle, 30 inches long.

line, some shales in which this structure is still more highly developed 
(see fig. 90).

The rock is plicated in roundish folds measuring in places about an 
inch in diameter. Each fold is gently arched for a space of one-half 
inch to 2 inches, and this portion of the rock appears massive; but 
under the microscope it shows about 360 imperfectly developed slip 
cleavage planes to the inch, which are vertical to the tops of the arches. 
The shanks of the folds are very long (measuring at least 1J inches iii
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Bedding

about one-fourth of an inch thickness of rock), and make an angle of 
only about 20° to 40° with the cleavage. The cleavage within that part 
of the rock traversed by the shank of the folds, although not any more 
minute than in the arches, is much more continuous, and there breaks 
up the rock into slaty laminae. Along these shanks, therefore, most of 
the motion has taken place. The general appearance of the rock is 
that of a series of alternating beds measuring about one-fourth of an 
inch and three-fourths of an inch, respectively, or even more, but run­ 
ning transversely to the actual bedding. The change in the course 
of the cleavage is here not 
due to a change of material, 
but to a change of motion in 

  the same material. 1
Furthermore, there appears 

under the microscope a fer­ 
ruginous staining along the 
cleavage of the more slaty 
bands (see fig. 91). Under 
higher magnifying powers the 
muscovite scales, which, to­ 
gether with quartz fragments, 
largely make up the rock, lie 
nearly all with their axial 
planes in the bedding planes 
of the rock instead of in that 
of the cleavage.2

This cleavage banding may 
explain some perplexing local­ 
ities where there appears to 
be a distribution of different 
coloring materials in parallel 
belts across the bedding. 
Such color bands seem to be 
due to the unequal develop­ 
ment of cleavage. The more 
highly cleaved belts more 
readily admit percolating 
waters holding various iron compounds in solution, which they deposit 
within the cleavage foliation, while the less highly cleaved belts, being 
less permeable, show less staining or preserve the original color of 
the rock. The result is a rock striped in two colors or in several

J Since the preparation of this paper this locality has been revisited and photographed, for future 
publication. Cleavage banding is not infrequent in Washington County and the adjacent parts of 
Vermont.

JThis rock possesses the character of a shale (mica scales and numerous quartz fragments), and in 
places that of a phyllite or slate (sericite fibers).

3 INCHES
FIG. 90. Diagram of specimen of shale, or phyllite, from 

near Rupert, -Bennington County, Vt., showing the de­ 
velopment of cleavage banding along the shanks of the 
plications, giving the rock the appearance of being ' 
stratified across the real bedding.
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shades across the bedding. Such alternations of color or shade are 
naturally taken as indications of Deciding, and the stratigraphy is 
confused. See fig. (.)'2.

Z MILLIMETERS

FIG. 91. Microscopic section of part of a cleavage liand (central shaded one, marked B, in fig. 90), 
enlarged 20 diameters, showing 360 slip cleavage planes to the inch, with ferruginous staining along 
them. Under higher powers this section resolves itself into a mass of muscovite scales and angular 
fragments of quartz, the flat sides of the scales usually conforming to the bedding planes. A t upper 
right hand the course of the bedding can still be made out.

TWO-FOLD AKD THREE-FOLD CLEAVAGE.

More frequent than the last is double or secondary cleavage. In 
some cases the two cleavage foliations have been produced successively, 
as shown by microscopic sections. In other cases, however, they may 
have arisen simultaneously by complex pressure. In fig. 93 both 
cleavages are distinct. The bedding is shown by the course of the 
quartz veins. The difference in the size and number of the plications 
in the same vertical series is noticeable here, the broad fold of the 
thicker material corresponding to several smaller folds of the thinner 
material. This accords with numerous observations that the less tena­ 
cious the material the smaller the folds.
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In fig. 94 a hand specimen of slate from Petersburg, Reusselaer County, 
K. Y., shows three cleavage foliations crossing the bedding, which is dis­ 
tinctly marked by 
changes in sedi­ 
ment. Of these, 
Cleavage I 
usual slip

\

Fid. 92. A. Diagram of ledge of micaceous slate near Ash Grove in Wlite 
Creek, 'Washington County, N. Y., showing plicated quartz veins (3), 
dipping west across light and dark bands of shale (1 and 2). If the 
quartz is in a plicated cleavage then the bands represent bedding : 
otherwise the bands are cleavage bands. B. Microscopic section of 
slate from Conanicut, K. I., showing plications crossing greenish (2) 
and reddish (1) bands. Unless the plications represent cleavage the 
banding originated as in fig. 90. Compare A. Geikie, Text-Book of 
Geology, p. 546, fig. 258, which shows a plication of the rleavage at con­ 
tact of two dissimilar rocks.

is the 
cleav­ 

age, striking with
the bedding.
Cleavage II, strik­ 
ing at right angles
to the bedding, is
what the French
call '' longrain," ]
and is analagous
to much of the
coarse jointing
observed in our
slate regions, and
probably to the
" grain" of our
Welsh quarrymen.
Cleavage III is
diagonal to the other two. There need be no limit to the number
of foliations which may be set up in such a fine-grained rock by

pressure from A'arying directions 
and the resultant motions of the par­ 
ticles. At Cavendish, Vt., a mass of 
limestone at its contact (a fault plane) 
with a gneiss has five foliations cross­ 
ing the bedding plane. English geolo­ 
gists have long ago described similar 
instances.

CLEAVAGE AIXMST« FAULT
LINES.

The beds near a fault have usually 
beeu exposed to great compression, 
and in them, if the material be favor­ 
able, cleavage may be expected. 
Where the cleavage has originated 
with the faulting, it will usually be

FIG. 93. Diagram of part of a ledge of chlo- 
ritic sericite-schist in tie southwestern 
part of Salem, Washington County, N. T-, 
showing quartz laminae in the stratification 
and two cleavage foliations across it. The 
two upper iaminse may be quartzite.

found to be parallel with the fault plane. When the actual fault plane

'Ed. Jaunetaz, Memoire sur les clivagesdes rochew (schistosite, longrain) et sur leur reproduction: 
Bull. Soc. Geol. France, ser. 3, Vol. XII, p. 211, 1884.
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lias not been exposed the strike and dip of the cleavage adjacent to it 
afford indications of its probable direction. This parallelism is shown 
in fig. 95.

Cleavage III
*

Cleavage I 
so'

Sfrafificafion

FAULT\ \CLEAVAGE

FIG. 94. Sketch of specimen of phyllite (slate) from Petersburg, Ilensselaer County, N. Y. Size, 4 by 
3$ inches. The beading, indicated by small calcareous beds, is crossed by three cleavage foliations. 
The dips of Cleavages I and III are seen crossing each other OK the front end.

THE BEGINNING OF A CLEAVAGE PI.ANE.

As the microscopic study of massive crystalline rocks impresses one
with the chemical changes which 
their constituent minerals have 
undergone, so the microscopic 
study of sedimentary rocks in such 
a folded region as that of the 
Green Mountains impresses one 
with the movements which have 
affected their particles. Indeed, 
the evidences of motion are so 
clear that it requires but little 
imagination to conceive of the par­ 
ticles as moving into their present 
relations on the stage of the micro-

Fio.95. Diagram of ledge of shale, 3 by 4 feet, in scope. FigS. 96 and 97 show hOW 
Brunswick, Kensselaer County, N. Y., showing . .
relation of cleavage to faulting. the undulatory motion imparted
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to the stratification laminse and sericitic fibers became so sharp as to 
fracture them and start a plane of slip cleavage.

67. a'90

FIG. 96  Microscopic section of phyllite (slate) made across the heading from near North Stephen- 
town, Keiisselaer County, N. Y. t showing a fold giving rise to a plane of slip cleavage.

EVIDENCES OF STRETCHING.

Every geologist is familiar with the fact that in the great mountain- 
making movements rocks have not only been powerfully compressed, 
but stretched. ^Indeed, 
stretching is one of the re­ 
sults of compression. The 
elongation of pebbles in con­ 
glomerate, the separation 
within the rock of the frag­ 
ments of a crystal, or of the 
fragmentsof an elongated fos- 
sil,areallevidencesof stretch­ 
ing. Fig. 98 represents a 
horizontal surface of grit in 
which appear bedding, cleav­ 
age, and joint plaiies inter- 
sectingone another at various 
angles. In the direction of 
the cleavage a series of more 
or less parallel openings has

L L e

been formed and filled with
)4 MILLIMETRE

quartz. \Vhile these Open- 
- , - -ings may have been produced

Fio.B7.-MicroscoPic neotioiiofaibitic Sericite-SchiStmade
across the bedding from Monnt Greylock, Mass., show- 
ing a fold giving rise to a plane of slip cleavage. Eii-
iarged & ^&meieK_
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by a shearing pressure, the result, in any case, has been to open the rock 
in the direction of the double arrow and permit the infiltration of quartz. 
The rough parallelism of the quartz lenses and their shapes convey a 
notion of the strain to which the rock must have been subjected.

S t ratifies tion

FIG. 98. Sketch of horizontal surface of ledge of grit in Grafton, Kensselaer County, N. Y., show­ 
ing bedding, jointing, and cleavage. A series of parallel gaps has heen formed in the cleavage folia­ 
tion and filled with quartz, showing the direction in which the rock has been stretched.

BRECCIATION AND BRECCIAT1ON-PEBBLES.

In the Cambrian-Silurian belt, between the Hudson and the States of 
Massachusetts and Vermont, conglomerates and breccias are of frequent 
occurrence. Fig. 99 represents a Cambrian calcareous sandstone in 
which the grains of quartz sand are mostly spherical. The sandstone 
was evidently once iuterbedded with small layers of limestone. The 
relations of the fragments, however interpreted, show a horizontal, if
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Fig. 99. Sketch of specimen of calcareous sandstone, about one- 
third natural size, from eonth of Xake Aries, in Iforth Green - 
bush, Eensselaer County, N. Y., showing several small beds of 
limestone broken up and pushed across one another.

not also a vertical, compression. Some of the fragments may have
suffered from solution
within the rock mass
since the brecciation. 

Mr. Aug. F. Foerste,
in a manuscript report
on the geology of the
vicinity of Troy, N. Y.,
made in 1892, gives a
diagram, reproduced in
fig. 100, illustrating his
observations there.
This shows the conversion of a small bed of limestone within a mass

of shale into roundish pebbles by means 
of pressure, [t is really the process 

i of slip cleavage isolating the longer 
limb of each fold. 1 The Founding of 
the fragments thus formed may have 
been completed by the dissolving ac­ 
tion of acid waters under pressure. 
Beds of such " pebbles" inclosed in 
shale form extensive deposits in Co­ 
lumbia, Kensselaer, and Washington 
counties, N. Y. These brecciation-peb- 
bles might be takeu for concretions or 
beach pebbles. True conglomerates, 
however, also occur in the region

CONCLUSION.

All the phenomena described in­ 
clined, overturned, and transverse, fold­ 
ing, unequal folding, false bedding, 
obscuration of bedding by cleavage, 
differential cleavage, cleavage bauding, 
two-fold and three-fold cleavage, cleav­ 
age along fault lines, stretching, brec­ 
ciation and the formation of brecciatiou- 
pebbles by slip cleavage, and various 
siliceous replacements or infiltrations  
these may characterize any region of 
crumpled, more or less metauiorphic, 
argillaceous, calcareous, and quartzose 
sediments. Although the modes of 
strati graphic deformation are many, and

FIG. 100 Diagram showing the develop­ 
ment of nodules (brecciation-pebbles) of 
limestone.by the plication and cleavage 
(slip cleavage) of a small bed of limestone 
 within a mass of shale, as observed near 
Troy, N. Y., by A. F. Foerste.

'Compare J. E. Marr, On some effects of pressure on the Devonian sedimentary rocks of North 
Devon, Ceol. Mag., Dec. Ill, Vol. V, p. 219, London, 1888.
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some of its results quite complex, they are all traceable simply to the 
various motions of rock particles into which the compression of the 
sedimentary masses has resolved itself.

INDEX TO AUTHOR'S DESCRIPTIONS OF RELATED STRUCTURAL PHE­ 
NOMENA IN PUBLICATIONS OF THE UNITED STATES GEOLOGICAL 
SURVEY.

For the assistance of readers interested in such problems, the fol­ 
lowing index to the author's descriptions of kindred structural features 
m the same region is added  
Cleavage, how distinguished from bedding. MOD. XXIII, p 158 
Cleavage in quartzite Fourteenth Ann Rept., pp. 562, 563, figs 70, 71. 
Cleavage, literature of Mon. XXIII, pp. 137, 138; Thirteenth Ann Kept , p. 321 
Cleavage, relation of, to faults Mon. XXIII, p. 154, fig. 55; Fourteenth Ann Bept ,

p 537, fig. 56 
Cleavage, secondary Thirteenth Ann Rept , p. 322, figs 28; 30; Mon XXIII, pp.

151, 152; fig 52, p 158
Cleavage, slaty, nearly horizontal Thirteenth Ann. Bept., p. 319, PI 01 
Cleavage, slip, extreme Mon XXIII, pp 149,156,158, Fourteenth Ann Rept, p 537,

fig 57
Cleavage, slip, in limestone Mon XXIII, pp. 140-143, figs 35-39 
Cleavage, slip, in serieite schist. Mon XXIII, pp. 139, 140, figs. 32-34, pp. 144-147,

figs 41-46; pp 153, 154, figw 53, 54; p 188, fig 73
Cleavage, slip, neaily horizontal Thiiteeuth Ann. Rept , p. 319, fig. 2^ 
Cleavage, slip, plicated. Thirteenth Ann. Rept , pp. 322-324, Jigs. 28-33 
Cleavage, strike and dip of, in relation to stiatifieatioii Mon XXIII. pp 155-157,

figs 56, 57, 59
Faulted slate slab (iaults in two directions) Thirteenth Ann Rept , p 320, fig 26. 
Faults Moil XXIII, p 168, PI XX; Fourteenth Ann Rept , p 538, fig 53, p 542,

fig 62, p. 546, figs 63, 64, and PI LXIX 
Folds, acute Moil XXIII, p 155, fig 5(i; Fourteenth Ann. Rppt . p 536, fig. 55; p

538, fig 59
Folds, anticlinal Mon. XXIII, p 202, fig 77; Thirteenth Ann Rept , p 325, iig 34. 
Folds in gneiss Fourteenth Ann Rept , p 539, fig 60 
Folds, pitching Mon XXIII, p 157, fig 60
Impressed limestone pebbles Tlmteputh Ann Rept , p 313, fig 24 
Mica, secondary, m cleavage foliation Mon XXIII, p 143, fig. 40 
Quartz vein, eellulai. Thuteenth Ann Rept., p 303, PI C, fig 5 
Quartz veins in bedding. Mon XXIII, pp 148, 151, figs 47-51, p lofi, fig 58. 
Quartz veins in cleavage Mon XXIII, pp 148. 149, 151, iigs 48,49,51 
Quaitz veins in joints Thirteenth Ann Rept , p. 321, fig 27 
Torsional grooving Fourteenth Ann Rppt , p 541, fig 61.
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PRINCIPLES OF NORTH AMERICAN PRE-CAMBRtAN
GEOLOGY.

BY CHARLES BICHAKD VAN HISB.

INTRODUCTION.

The design of this paper is (1) to give a partial discussion of prin­ 
ciples applicable to geological work amoiig the pre-Cambrian rocks of 
North America, and (2) to give an historical account of the North 
American pre Cambrian, and to point out the principles illustrated m 
the various regions. The first is considered in Part I, the second m 
Part IT.

The discnssiou of principles is not complete A knowledge of the prin­ 
ciples of geology, as fonnd 111 the text-books, is assumed In Pait I 
the purpose is to emphasize and amplify those principles which have 
a special bearing upon pre-Cambrian stratigraphy aud which have 
hitherto been somewhat neglected. The paper is therefore a supple­ 
ment rather than a fall treatment of principles. There is no claim of 
newness for parts of the paper, except in the manner of presentation, 
but it is believed that in certain directions an advance is made. Just 
as in a text-book, L have freely used any published information which 
could be of service to me, and from my own papers I have taken with­ 
out quotation any parts which could be used to advantage While the 
paper is written primarily with reference to thepre-Cambnaii, it will be 
apparent that the principles discussed are general.

By the term "pre-Cambrian rocks" is meant all t'oimations which are 
older than those containing the Oleuellns or Lower Cambrian fauna. 
As to the length of time represented by the pre-Cambrian, we have 
two points of view from which an approximate inference may be made. 
Accepting the nebular hypothesis, (1) we may look forward from the 
time when a crust first formed upon the globe, and (2) we may look 
backward from the bioad domain of facts furnished us by the Lower 
Cambrian.

(1) After the first continuous solid crust of the earth formed there 
must have been an exceedingly long time before the conditions were 
such that life could exist. It is highly probable that this first outer 
crust was of an igneous character. After solidifying, this first shell 
mubt have thickened steadily by inward solidification. Much or all of
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the first crust may have been removed by subsequent erosion, but this 
i& not true of its inward crystallization; that is, it can. not be assumed 
that erosion has anywhere overtaken inward solidification. It is there­ 
fore to be expected that there exists in various parts of the earth the 
first outer crust or its inward continuation.

(2) The fauna of the Lower Cambrian is varied, complex, and abun­ 
dant. It comprises all of the great classes of animals except the verte­ 
brates, and it is by no means certain that these did not exist. One 
biologist says that if the differentiation of life since the Cambrian were 
represented by a line of a certain length the differentiation before the 
Cambrian would be represented by a much louger line. Another says 
that the amount of differentiation of life forms before the Cambrian is 
at least nine times as great as the amount of differentiation since the 
Cambrian. Believing, as we now do, that this complex and varied life 
was produced by slow development under a definite order set in the 
universe, rather than by special creations, the Cambrian life implies that 
the time of pre-Cainbriaii life was very long, although it does not 
necessarily imply that it is nine times as long as post-Cambrian time, 
for it can not be assumed that the development of life was at a uniform 
rate. So far as we know the laws of development, it appears to be true 
that higher forms differentiate more rapidly than lower forms. If this 
law were applied it would follow that the time of pre-Cambrian life was 
more than nine times as long as Cambrian and post-Cambrian time, but 
unknown factors may enter into the problem of the earlier phases 
of development, and hence we can not assume any such time ratio as 
nine to one. However, it seems reasonably certain that the time of 
pre-Cambrian life was as long as or longer, r>robably much louger, than 
all subsequent time.

If the conditions were such that life could exist, they were also such 
that ordinary sedimentary rocks could be deposited. Therefore it is 
reasonable to think that in pre-Cambriau time there were eras in which 
vast groups of sedimentary rocks of essentially the same character us 
the Paleozoic sediments were deposited. Such rocks may have since 
been profoundly modified.

Between the time when all the rocks forming on the earth were igne­ 
ous and the time when ordinary pre-Cambrian sediments began to form, 
there may have been a great length of time in which the conditions 
were materially different from those that we now know. The waters of 
the ocean may have been at a high temperature, and the rocks depos­ 
ited by this early ocean may have been different in character from 
ordinary sediments. Thus a third possible group of rocks may have 
formed, which bridged the time interval between the early igneous 
rocks aud the ordinary sediments. If portions of such rocks still exist, 
it is probable that transition phases unite them with the igneous rocks 
on the one hand and with the ordinary sedimentary rocks on the other 
hand.
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From our forward and backward views we then conclude that in pre- 
Carnbrian time, at least two great classes of rocks were produced, and 
may, perhaps, now be found: first, those of igneous origin, represent­ 
ing the earliest outer crust of the earth or its inward crystallization, 
or both combined; second, those of sedimentary origin, deposited during 
the vast length of time in which life was growing from the first rudi­ 
mentary form to the highly complex and varied life of the Cambrian; 
and, third, there may be a group of rocks intermediate in position 
between these two, in character and origin unlike any rocks which we 
now know to be forming, but connected by gradations with the later 
sediments. The first conclusion is a probable inference, based upon the 
truthfulness of the nebular hypothesis. The second conclusion is a 
certain one, based upon the known facts of the Cambrian life. Turn­ 
ing now to the field, do we find phenomena corresponding to these 
conclusions?

One who has worked long among the pre-Cambrian rocks in areas 
where the conditions are favorable for a structural study is usually 
impressed by the dual character of the pre-Cambriau. First, he finds 
a great series of gueissoid granites, gneisses, and schists, all completely 
crystalline, having the most intricate relations with one another, and 
showing the effects of repeated strong dynamic actions. These are 
injected by many undoubted igneous rocks of different characters and 
different ages. This group is always below the most ancient sedimentary 
rocks found. Without at present saying anything in regard to the 
origin of this Basement Complex, or as to the relations which obtain 
between it and the sedimentary rocks, it may be said that it is possible 
that it or some part of it corresponds either with the original crust of 
the earth and its inward crystallization or else with the transition rocks 
between these and the ordinary sediments which were deposited later. 
Second, he finds another great group of pre-Cambriau rocks, having 
all of the characteristics of ordinary sedimentary rocks. In many 
places these are divisible by unconformities into two or more different 
series. These rocks comprise conglomerates, sandstones, grits, shales, 
limestones, and their altered equivalents. These rocks may be reason­ 
ably regarded as occupying some part of the second great division of 
time, that in which life existed before the Cambrian, and as a matter of 
fact within these rocks we are not without evidence of the existence of 
life. This is demonstrated by the presence of undoubted fossils, which 
occur in Newfoundland, in the Grand Canyon region, in the Lake Supe­ 
rior country, in Great Britain, in Belgium, in Brittany, and in other 
places. Further, within these rocks are great beds of carbonaceous 
and graphitic shales, from some of which hydrocarbons maybe distilled, 
and are rarely so rich in nongraphitic carbon as to be combustible with 
difficulty. That these hydrocarbons were produced by any other than 
organic agencies is exceedingly improbable. Also, there exist great 
beds of limestone and gneiss through which are disseminated particles
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of graphite. Finally, beds of iron carbonate and other rocks which 
are by many regarded as products of life are abundant.

If the position be correct that abundant life existed for eras before 
Cambrian time, the rarity of recognizable fossils needs explanation. 
TbisDarwm mentioned as a serious difficulty m his theory of the origin 
of species. Eeccntly Brooks has given a plausible answer to this diffi­ 
culty. Prom his biological study, and particularly from the facts of 
embryology, he concludes that the great stems of animal life were estab­ 
lished when all animals were free swimming and pelagic. When the con­ 
ditions became favorable, certain of the forms of the dlffereut classes 
availed themselves of the advantages of location at the bottom of the 
sea. As a consequence, these animals were limited in their habitat to 
length and breadth rather than length, breadth, and depth. Hence there 
at once arose a far keener struggle for existence than had been known 
before. One of the great crises in life had come. There resulted the 
rapid development of the hard parts, such as are found in the Cam­ 
brian rocks. Professor Brooks suggests that this change from pelagic 
forms to those found in basal Cambrian formations may have taken 
place in a time no longer than the Tertiary. This may be an under es­ 
timate of the length of the time; and doubtless future geological work 
will find a fauna below the Cambrian, just as the Cambrian fauna was 
found below the Silurian. However, it is hardly to be hoped that the 
earliest life will ever be known from fossils. For the absence of recog­ 
nizable forms during this era or these eras, Professor Brooks's explana­ 
tion ! of free swimming, pelagic animals devoid of hard parts is the most 
plausible one yet offered.

In a treatment of the pre-Cambrian rocks the object of which is mainly 
to determine the principles of stratigraphy and rules to carry them out, 
the question arises in what zespect these rocks differ from the post- 
Cambrian rocks, and what are the criteria which are especially appli­ 
cable to them. Why should the pre-Cambriau rocks have a treatment 
separatefrom later formations'? As has been seen, thetirst great point in 
which these rocks differ from later formations is in the apparent absence 
of abundant fossils. Abundant life may, indeed must, have existed in 
some of them. liemams of this life, however, have not yet been found 
in sufficient quantities to serve for the purposes of correlation from 
district to district and region to region. Among post-Cambrian forma­ 
tions paleontology is the chief reliance in hornotaxis and correlation. 
Upon paleontological data have been based nearly all inferences as 
to the intercontinental equivalence of strata, and even upon the same 
continent the equating of one set of strata with another set in a dif­ 
ferent region has been usually based upon their fossil contents. It 
then follows that in the pre-Cambrian there is an almost entire absence 
of the most important criterion upon which stratigraphical and struc-

'The origin of the oldest fossils and the discovery of the bottom of the ocean, by W, K Hrooks 
Join of Geol , \ o] II, pp 455-479, 1894
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tural work has been done among the post-Cambrian formations. We 
are thus driven to the use of physical data only. Being thus restricted, 
it becomes necessary to scrutinize them and to consider their limitations, 
in order that a judgment maybe formed of the reliability of work done 
and correlations made. But the pre-Cambrian problem is still more 
complicated because the rocks are so old. They have been subjected 
to all of the constructive and destructive geological forces which 
have been at work during the whole of Cambrian and post-Cambrian 
time. Yast areas of pre-Cambrian rocks liave been destroyed by the 
process of erosion. Other areas are hidden by later rocks. The major 
portion of the remnants at the surface have been profoundly modified 
by the processes of metaniorphism.

The folding of the pre.Cainbnaii rocks is, upon the whole, of a more 
complicated character than that of the post-Cambrian, for not only 
have the former rocks been subjected to all of the earth movements 
which have affected the Cambrian and post-Cambrian sediments, but 
before Cambrian time they were affected by earlier movements; and if we 
are correct m supposing that some of these pre-Canibrian sedimentary 
rocks may be twice or thrice as old as those of the oldest Cambrian, the 
movements to which they have been subjected must have been upon 
the average twice or thrice as many, even if the law of uniformity applies, 
and it is wholly possible that the disturbing forces have increased in 
frequency and in power as we go backward in time, thus making the 
amount of folding even greater. This does not imply that there are no 
areas of post-Cambrian rocks which have been folded to an equal or 
greater degree than any pre-Cambrian rocks, but merely that in the same 
province the pre-Cambrian rocks are usually folded to a greater degree 
than later rocks; or, stated differently, the pre-Cambrian rocks have, 
upon the average, been subjected to more periods of folding. Hence, 
in treating of pre-Cambrian stratigraphy we must consider the effects 
of this exceptional folding what new structures have been developed, 
what interior alterations have occurred.

Following tlie same line of argument, it is plain that the jointing and 
faulting through which pre-Cambrian rocks have gone are, upon the 
whole, greater than in post-Cambrian rocks. Also, as a consequence of 
the folding, faulting, and jointing, brecciatcd or antoclastic rocks have 
been more extensively produced. A greater proportion of the rocks 
have become metamorphosed. Secondary structures have been more 
extensively developed m them. There have been intruded among them 
more numerous and abundant masses of igneous rocks; for the pre- 
Cainbnaii rocks have been subjected not only to all post-Cambrian 
intrusions, but to many pre-Cainbriau intrusions and extrusions. It 
may also be that extrusive rocks were more widespread and abundant 
in pre-Cambrian than in post-Cambrian time. As a consequence of these 
various causes, producing profound effects upon the pre Cambrian sedi­ 
mentary rocks, it is inevitable that the problem of pre-Cambiiau stra-
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tigiaphy, even apart from the absence of fossils, is, upon the whole, a 
moie difficult one than the problem of post-Cambrian stratigiaphy, and 
the problem becomes increasingly difficult as we go back horn the base 
of the Cambnan

In the face of these difficulties, upon what criteria are we to depend 
in pie-Cambrian stratigraphy «

The first and most important of the criteria, as givmg common hori­ 
zons fioni which to work in comparison, is unconformity. If an uncon­ 
formity is marked it must have a wide extent, for an unconformity implies 
an oiogemc movement which laises the land above the sea, implies 
faulting 01 folding of the strata, implies truncation by means, of epigeue 
forces, and, finally,implies another orographic movement, which de­ 
presses the area below the sea. Later, evidence will be given to show 
that such a bieak can hardly be less than regional, while it may be con­ 
tinental or, perhaps, intercontinental in its effects. For instance, the 
great Appalachian revolution at the close of Paleozoic time not only 
caused a profound unconformity between the Paleozoic locks and the 
post-Paleozoic rocks along the whole length of the Appalachian Moun­ 
tains, but produced gieat physical changes throughout the cential and 
western part of the continent

Secondly, we may use the sequence of bods of the same chaiacter 
as guides in equivalency, that is, if a set of beds of peculiar htho- 
logical character occur in like order in different districts of the 
same geological province, it is piobable that they aie parts of a once- 
continuous series, and if such a series of beds is separated by an 
unconformity from a set of beds below and anothei set of beds above, 
the supposed equivalency has an mcieased degioe of probability 
Then, with proper restriction^ the hthological cliaiactei of a single bed 
itself may have some value in compaiative work. It is necessary 
that we consider caiefully how an uuconfoimity may be established, 
and m correlation what value may be placed upon unconformity, upon 
sequence of beds, and upon hthological character.

Finally, the very phenomena which make the pre-Cambnan stiatigra- 
phy a difficult problem may also give us assistance. If a lowei senes 
has been moie extensively folded, or folded in a different way iiom a 
Superimposed series, the question may be asked whether the two are 
not separated by a time interval; tor if the upper series existed in the 
same district when the lower series was folded in the first instance, it 
should be folded in the same manner Absence of folding, 01 a less com­ 
plicated folding, indicates that the upper series was not present when 
the lower series was first folded. In using this criterion it must be cer 
tain that we have a case ot supeiposition of the two series, not lateral 
position, for intense plications may die out rapidly transverse to the 
directions of the folds, and thus leave beds unaffected or little affected 
which weio very close to those that are intensely folded In the same 
way, faulting, jointing, brecciatiou, metamorphism, cleavage, fissibty,
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and the relations of igneous rocks are criteria by which we may sepa­ 
rate one series from another. For instance, in the case of igneous 
rocks, if a lower series is cut through and through by dikes which 
nowhere penetrate a superior series, the inference is that this superior 
series was not present at the time of the injection of the igneous rocks. 
Thus we see that the very causes which increase the difficulties of pre- 
Cambrian stratigraphy that is, the greater amount of folding, faulting, 
jointing, brecciation, inetamorphism, etc., to which they have been sub­ 
jected may be of assistance to us in particular cases in working out 
the structure. Because of the importance of these phenomena and of 
unconformity, sequence of beds, and hthological character, it is neces­ 
sary that each be taken up in order and be separately considered.



T i.

DISCUSSION OF PRINCIPLES. 1

SECTION I. 

MOVEMENTS OF BOCK MATERIALS UNDER DEFORMATION.

Rock units under thrust act very differently, depending upon their 
thickness, strength, and other characters, upon the character and thick­ 
ness of the rock units above and below, and upon the closeness of 
folding.

It is believed that the outer part of the earth may be divided into 
three zones: (1) An upper zone of fracture; (2) a middle zone of 
combined fracture and plasticity; (3) a lower zone of plasticity.

(1) Rocks under lens iveight titan their ultimate strength when rapidly 
deformed are in the zone of fracture. That is, when rocks under such 
conditions are deformed they break, and crevices small or great sepa­ 
rate the broken parts (fig. 145 and PI. CXIV). The fractured rocks 
may be jointed, faulted, or brecciated in a simple or a complex manner. 
The fractures may be far apart and of great size and extent, or near 
together and of small size and extent. Innumerable parallel fractures 
may occur in the same direction, when, as shown latei', the rocks develop 
a parting, or fissility. In extreme cases of fracture the rocks become 
antoclastic, or are broken into innumerable fragments by the forces of 
deformation. These fragments may be lounded, and such rocks resem­ 
ble ordinary clastic rock. In this case the rock becomes a pseudo- 
conglomerate (PI. CXIII); and there are all gradations between such a 
rock and one in which the cracks and crevices become subordinate, the 
deformation being chiefly that of flowage. In the case of a soft shale, 
but a small thickness of superincumbent strata, possibly 500 meters or 
less, may prevent any considerable fractures and crevices from form­ 
ing. In the case of the strongest massive rocks, a great thickness of

'In the propaiation of this paper I have been greatly indebted to the article by Prof L it. 
Hosknis which appears herewith as an appendix This haa been ot especial assistance to me in the 
preparation of Sections I and III

To Wilhs's paper upon the Appalachians I am equally indebted (The Mechanics of Appalachian 
Structure, by Bailey Willis, Thirteenth Ann Eept U S Geol. Surv , pp 211-281 ) This has helped 
me particularly in the preparation of Sections I, II, and V

Ishould also mention Heim's great work, "Mechanismns der Oebirgsbilrtiing," from which I have 
absorbed many ideaa

3 589
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superincumbent strata, possibly nearly 10,000 meters, may be necessary 
to prevent cracks and crevices from forming.

Heim states that it js impossible for crevices and cracks to exist at 
so great a depth as 5,000 meters. 1 From geological observations, I have 
for some time been convinced that a greater depth than this is required 
to close crevices under some conditions. The depth at which a cavity 
of any definite size begins to close will depend upon its form, upon the 
strength of the rock, upon whether the rock is saturated with water, 
upon the increased plasticity of the rock due to the rise of temperatuie 
with increased depth, upon the amount of lateral thrust, and upon the 
length of time, during which the rock is subjected to stress.

80 large an opening as tlie St. Gothard tunnel, G.4 meters high and 
8 meters wide, exists with no observed tendency to close under an 
irregular dome of rock which for some distance is more than a mile 
thick and has a maximum thickness of 1,830 meters. The thickness of 
the superincumbent rock diminishes from the maximum fco nothing at 
the ends of the tunnel. However, it would appear from this case to be 
highly probable that in order to close cavities the maximum number 
must be multiplied by a factor of considerable magnitude.

It would seem that mathematicians and physicists, after experiments 
upon the plasticity of rocks of different kinds, ought to give an approxi­ 
mate solution of the problem as to the depth at which cavities m any 
kind of rock would begin to close. We need long-continued experi­ 
ments upon the plasticity of different rocks at various temperatuies 
and pressures, and while the rocks are saturated with superheated 
water. We also need a satisfactory theory of the flow of viscous liquids 
or plastic solids.

In the absence of these data a first approximate solution of the prob­ 
lem has been made by Prof. L. M. Hoskins, of the Leland Stanford, Jr., 
University, based upon the elastic limit and the ultimate strength of 
rocks. The most carefully conducted experiments agree with theory, 
and seem to show that rock masses of the same form have the same 
crushing strength pei unit of area whether in large or in small masses. 
In experiments on cubes running from 1 to 12 inches in diameter, in each 
set there are irregular variations per unit area on each side of the aver­ 
age, but these are probably explained by the unavoidable variations in 
the strength of the different pieces tested and the impossibility of 
obtaining exactly similar conditions.2

Professor Hoskins, after a comprehensive discussion (see Appendix), 
reaches the following general conclusions upon the closing of cavities 
in rocks.

I If the three principal stresses in any region of a rock mass are equal, a spherical 
cavity can not exist permanently if the normal stiess in the rock exceeds the pressure 
within the cavity by as much as two-thirds the elastie limit or the ultimate strength.

'Mecliamsmus der (Tebirgsbildung by Albert Heim, Band II, 1878, p. 110
' Tests ot metals and other materials for industrial purposes, made with the United States testing 

niachme at Watertown Arsenal, MJSS , by S V Benet, Chief oi Ordnaiice Kept of Chief of Ordnance 
for year ending JUDC 30, 1884, pp 126, 160-167, 188-190, 212, Washington, 1886
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II. If two of the throe puncipal stresses are equal,,a cylindrical cavity of consid­ 
erable length whose axis is parallel to the third direction can not exist permanently 
if either of the equal principal stresses exceeds the intenoi pressure l>y as much as 
halt the elastic limit or the ultimate strength, or if the third principal stiess exceeds 
the inteiior pressure by as much as half tlie elastic limit 01 ultimate strength

Although the discussion has been confined to these special cases, it seems safe to 
state the following general proposition as at least probably true.

III. No cavity can exist permanently in a rock throughout a considerable portion 
of which the normal stiess in any direction exceeds the pressure within the cavity 
by as much as the elastic limit or ultimate strength of the rock.

Professor Hoskius further says:
The intensity of stress upon a horizontal plane at any depth is equal to the weight 

of a column of rofik of unit cross-section extending to the surface

In applying these icsults to ascertain the depth at which cavities 
would close, the following additional assumptions are made- Some of 
the cavities are supposed to have a form best adapted to resist closing. 
In most cases, as shown by Professor Hoskins, this is probably spher­ 
ical. The cavities are supposed to be very small as compared with 
their depth below the surface, so that the pressure due to gravity is 
practically the same for all parts of a cavity. The rocks are assumed 
as being among the strongest that is, having a crushing strength of 
1,700 kilograms per square centimeter. This amount somewhat exceeds 
the, average crushing strength of the ordinary crystalline rocks, such as 
granite and schist, but is surpassed by about one-fifth in some of the 
very strongest hornblende granites and basic rocks. It is probable 
that the stronger, and perhaps the strongest, rocks should be chosen, 
for the minute cavities in the interstices are concerned, and these can 
be closed only by the crushing or flowing of the individual mineral 
particles. Upon the one hand, it is natural to suppose that some of 
the minerals composing rocks are stronger than any rock. Upon the 
other hand, the cavities may be largely closed by the flowage or frac- 
ture of the weaker minerals of a given rock. However this may be, 
ior the purposes of the present discussion it is plain that sandstones 
are to be placed upon the same basis as quartettes, and possibly shales 
upon the same basis as slates and schists.

The specific gravity of the outer crust of the earth is assumed to be 
2.7. 1 As openings in the earth are usually tilled with water, in obtain­ 
ing a maximum depth at which cavities can exist permanently it is 
probably necessary to suppose that cavities are supported by the 
hydrostatic pressure of a column of water reaching to the surface, and 
therefore that 1 should be subtracted from the specific gravity of the 
rock in determining the depth at which the closing of cavities occurs. 
Under the slowly acting orograptiic forces it is probable that the water 
must be considered as free to escape, and that the viscosity of water in 
minute crevices plays no part.

If it be supposed that the rocks above the cavities are solid to the

1 This estimate of 2 7 was kmdly furnished me by Mr G- K Gilbert ag a close approximation to the 
8T»eci6c gravity of the continental masses It is the aame <ia iny own best guess of the specific grav­ 
ity of the pre Cambrian rocks
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surface, and therefore that they are not supported by the hydrostatic 
pressure of a column of water to the surface, the problem is reduced by 
Professor Hoskins's solution to finding the height of a column 1 square 
centimeter in area, with a specific gravity of 2.7, which weighs two- 
thirds of 1,700 kilograms for Conclusion I, and weighs 1,700 kilograms 
for Conclusion III. This gives for I about 4,200 meters; for III, about 
6,300 meters.

If the more probable supposition be made, that the rocks are porous, 
and therefore that the cavities are supported by the hydrostatic pres­ 
sure of a column of water extending to the surface, it is necessary to 
subtract 1 from the specific gravity of the rocks, and the effective 
pressure is 1.7 grams per cubic centimeter. Applying Professor Hos­ 
kins's solution, the question is reduced to finding the height of a 
column 1 square centimeter in area, with a specific gravity of 1.7, which 
weighs two-thirds of 1,700 kilograms for Conclusion I, and weighs 1,700 
kilograms for Conclusion III. This gives for 1,6,667 meters, and for III, 
10,000 meters. For the very strongest rocks the above numbers should 
perhaps be increased by one-fifth, and this gives a maximum of 12,000 
meters.

These conclusions do not apply to rock-inclosed, liquid-filled cavities. 
So far as one can understand the conditions, such cavities might exist 
at au indefinite depth, or at least at a depth where the liquid and rock 
may be miscible in all proportions.

The above numbers fall within the various limits roughly, 2 to 8 
miles assigned for the "level of no strain," or, as it shonld perhaps be 
called, more properly, the level of no lateral stress, and thus make it prob­ 
able that the lateral stress is less than the vertical stress of gravity. 1 
Therefore it is probable that the conditions upon which Conclusion III 
are based more nearly represent the truth for the greater part of the 
earth than do those of Conclusion I. However, in mountain-making 
regions the lateral stress may be so great as to comply with the condi­ 
tions of Conclusion I, and therefore cavities may close at the minimum 
depth.

The maximum result reached by the calculation is probably in excess 
of the truth, for all of the assumptions excepting that concerning the 
free escape of water are those favorable to requiring a great depth for 
the closing of cavities. However, it is believed that the result is valu­ 
able, because it is certainly large enough, and we may be sure that at 
depths greater than 12,000 meters no cavities can exist. Also it is 
reasonably certain that in the weaker rocks cavities are closed much 
nearer the surface than this. As more accurate data for the solution 
of the problem become available, it may be possible to obtain reason­ 
ably accurate results for the rocks of greatest strength and also for 
weaker rocks of different kinds. For instance, if the crushing strength 
of ice be determined for various temperatures at and somewhat below

'Manual of Geology, by Jamea D Dana, 4th ed , 1895, pp 384-385
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zero centigrade, the greatest possible depth to which crevasses in gla­ 
ciers extend at such temperatures may be readily calculated.

It is highly probable that the very greatly increased plasticity of 
rocks when saturated with superheated water, due to the rise of tem­ 
perature with depth, would lead to the closing of the deeper lying 
crevices by flowage and welding rather than by fracture. If the 
increase in temperature is 1° C. for 30 meters, at a depth, of 10,000 
meters the material would have a temperature of 333° 0. above the 
average temperature of the level where climate produces no influence. 
To this in mountain making regions would have to be added any 
increase in temperature due to dynamic action. Under gravity alone, 
rocks at such a depth would be subjected to a vertical pressure of 2,550 
kilograms per square centimeter. As has been seen, the lateral pres­ 
sure might be less than this if the rock was not in mountain-making 
areas and near the level of no lateral stress, or it might be as much or 
more than this if in mountain-making areas and therefore subjected to 
great lateral pressure. It is probable that at such temperatures and 
pressures even brittle rocks, under these great and very slowly acting 
forces, when saturated with superheated water, obey the laws of hydro­ 
statics, for plastic solids when strained beyond the limit of elasticity 
follow the same laws of deformation as do liquids. It is probable that 
the above considerations should reduce the estimated depth for the 
closing of cavities in the strongest rocks to 10,000 meters or less.

It therefore appears highly probable that at a depth of 10,000 meters, 
not only do no crevices permanently exist ^n the earth, but the rocks are in 
such a condition that actual welding of the fractured parts would soon 
take place, supposing fracture to occur.

Such was apparently the case in the deepest lying gneisses and 
auorthosites of the original Laurentian area, described by Adams.1 
Here in certain areas each of the individual mineral particles is broken 
into-many fragments. No extraneous or infiltrated material is discov­ 
ered between the granules, and yet the rocks are exceedingly strong 
and tough, showing in all probability that the broken particles were 
welded. However, there may possibly be a zone in which the defor­ 
mation occurs by minute fractures of the individual particles, these 
being held together without interspaces, and yet where the temperature 
and pressure are not sufficient to cause welding.

The conclusions as to the depth at which cavities close accord well 
with observations in the field and with the microscope. It is only in 
material from the cores of the great mountain masses or in regions 
subjected to vast denudation that the microscope is unable to discover 
crevices caused by great deformation. The large secondary cracks 
and crevices which may have formed during the time when the rocks 
were nearmg the surface by denudation are not here referred to, but the

'A further Contribution to our Knowledge of tho Laurentian, liy Frank B Adams Am Jour 
Sci. (3),Vol L, 1895, pp 62-63
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innumerable minute crevices affecting the individual grains, which 
were plainly produced by the deep-seated deformation of the rock. In 
many instances in which such crevices are found it appears probable 
from the geology of the region that the rocks were buried under well-nigh 
10,000 meters of material, although this is difficult to demonstrate.

Whether rocks flower fracture is in many cases largely dependent on 
the rapidity of deformation. As pointed out by Professor Hoskins 
under "Conditions of flow and of fracture" (see Appendix), a rock 
under a certain pressure in two directions, when rapidly deformed 
by a greater pressure in a third direction, in ay be fractured, and when 
less rapidly deformed may flow. This results from the fact that the 
elastic limit of a rock is always less than its ultimate strength. 
During the time of rapid deformation the rock may be fractured and 
crevices and cracks formed which are subsequently closed by plastic 
flow, even if the stresses decrease iu amount. Also, as the stresses were 
slowly increasing, there may have been very considerable flow'age 
before any fractures were produced. Hence, even in homogeneous 
rocks, the zone of fracture and the zone of flowage are not sharply 
separated from each other, and the upper part of the zone of flowage 
is at different depths under varying conditions of stress. This prin­ 
ciple is illustrated by the distortion of rocks iu ancient buildings, such 
as the Alhambra, and by slabs of marble suspended by their ends in 
cemeteries, 1 This latter case shows how important the element of time 
is in the deformation of rocks, and that, given a sufficient time, a stress 
much below the ultimate strength may surpass the elastic limit and 
result in flowage. It thns becomes clear that there may be a very 
considerable thickness for any given rock in which it may be iu the 
zone of fracture or iu the zone of flowage, depending upon the amount 
of differential stress.

(3) Rocks buried, to such depth that the weight of the superincumbent 
strata exceeds their ultimate strength are in the zone of plasticity and 
flotvage. These are the conditions of folding, for permanent perfect 
flexure is possible ouly by flowage of material. It is a contradiction to 
suppose that cracks and crevices can form under these conditions. 
Were it possible for an opening to be made in any way, under the 
hypothesis the rock would flow toward the opening and close it. All 
of the rocks concerned are everywhere under compressive stress. The 
material at any given moment, when deformed, moves from places of 
great compression to places of less compression. In other words, there 
is always a tendency for the rocks to approach equilibrium under the 
forces applied, or to obey the laws of hydrostatics. In order that 
deformation shall occur, the difference between the greatest and the 
least stresses must equal or surpass the elastic limit of the rock in ques­ 
tion, under the conditions in which it exists. In rocks which were bent 
when so deeply buried that no cracks or crevices could form even tempo-

1 An Illustration of the Flexibility of Zameatone, by Arthur Winslow Am Jour Sci, (3), Vol 
XLII1, 1892, pp 133-134
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rarily, it is probable that the material flowed to its new position quietly, 
without shock, under the enormous stress to which it was subjected.

Even if in the zone of flowage, the relative thickness and strength of 
the members folded will play their part. If the mass were exactly 
homogeneous it would flow in the direction of least resistance, like a 
mass of tallow. But the rock masses are heterogeneous, and the 
alternating' layers of different plasticity may retain their individu­ 
ality, there being no considerable commingling of the materials of one 
layer with others (PI. CXI). The strong, thick beds will greatly vary 
the direction of movement of the material at a given place, and thus, 
as explained by Willis, develop folds of great length and amplitude.

FIG. 101. Thin section of a mashed quartz-porphyry.

On account of their relatively resistant character when bent into anti­ 
clines and synclines, the anticlines will be able to carry part of the 
superincumbent load, and thus relieve to some extent the softer beds 
below, which, however, as a consequence, promptly flow in the direction 
of relief or least resistance, and ever press against the confining arch, 
and thus do their part, which may be the major part, of carrying the 
superincumbent load. In a similar manner the strong formations bent 
into synclines because of the thrust transmitted along their limbs, fur­ 
nished in part by the weight carried by the adjacent anticlines, will 
give increased pressure to the softer beds below and add to the ordi­ 
nary thrust which is already forcing the material to follow the arches
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of the adjacent anticlines. However, if the superincumbent stiata be 
but sufficient, the strongest and most brittle rock beds, such as quartz- 
ite and jaspilite, may be crumpled or bent upon themselves, within 
their own radius without any macroscopic sign of crevice or fracture. 
In extreme cases the microscope is unable to detect any evidence of 
crevices or cracks, but it shows in a most remarkable manner that 
the mineral particles have been greatly flattened (fig. 101).

The thinner and softer the beds the less potent are they to control 
the movement of any considerable amount of material. Therefore, 
under given conditions, the thinner and softer the beds the shorter and 
steeper are the folds and the more nearly does their material approach 
in its movement to the flowage of tallow. In soft, homogeneous shales 
the approximation is closest. Therefore, in a sci'ies or group of beds 
of different lithological character, the thick, strong beds are less closely 
folded than the thin, weak beds. The softer layers are greatly thick­ 
ened here and greatly thinned there, as demanded by the stronger 
layers. The folding of the first may be comparatively simple, and the 
second may be closely plicated (fig. 133). These principles are finely 
illustrated in the Hiwassee section of the Ocoee series of the Southern 
Appalachians.

In any great anticlmonum, even if the strongest rock be at the bot­ 
tom for instance, a massif of granite (figs. 112 and 11C) it yields to the 
force of thrust, under the law of normal plastic flow, moving toward the 
places of least compression, and ever presses against and helps to raise 
and support the overlying arch of sedimentary and other rock. If a 
massif were absolutely homogeneous without reference to its strength, its 
movements would be analogous to that of wax. Consequent upon such 
movement, as explained on a subsequent page, it is believed that uni­ 
form cleavage is often produced. But no massif is homogeneous. It is 
composed of mineral particles of different kinds and of different sizes. 
In a larger way it is composed of rock masses of different character. 
Frequently these masses of different character and strength are divided 
by vertical or steeply inclined planes of weakness, rather than hori­ 
zontal ones, as in the sedimentary rocks5 hence, major movements take 
place along the major inclined planes and minor movements along 
minor planes and between the mineral particles. Complex rainor folding 
and shearing therefore occur in the readjustment of a massif to its new 
position. The major planes of shearing may be called fault planes, but 
they differ from ordinary faults in that the parts moved over one another 
are always iu. close contact, and probably are also always welded.

When a set of rock beds are bent even slightly, readjustment and 
rearrangement of the material must occur to some extent, and the 
amount increases in proportion as the rocks are closely folded.

If a steel bar be bent the molecules are separated to some extent 
upon the convex side and compressed upon the concave side. When 
released from stress the bar, by virtue of elasticity, springs back to its 
original position. While to some slight degree rocks are elastic when
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subjected to forces continuing- for a short time, it may be doubted 
whether this property is of importance in considering- the slowly act­ 
ing and long-continued forces of rock folding, except perhaps in the 
slight flexures of great extent. Single rock beds, when much deformed, 
are rather to be compared to a wrought-iron bar, which when bent 
takes a permanent set. In this case there is an actual flowage of 
material or rearrangement of the particles to the new conditions. The 
half of the bar on the convex side, subjected to tension, is lengthened, 
and, to compensate it, is of less cross-section than originally. The half 
of the bar on the concave side, subjected to compression, is shortened, 
and, to compensate it, is of greater cross-section than originally. Each 
homogeneous rock stratum when bent acts like the iron bar to a certain 
extent. There is rearrangement of its material to new positions, and 
when the bending occurs without fracture the movements of the rock 
particles may be like those of the particles of the compressed part of 
the iron bar. But rock beds are usually composed of different mineral 
constituents, which differ from one another in strength, in hardness, in

^

PIG. 102. Itleal section of bent rock stratum showing fracturing along convex surface and compression
along concave surface.

brittleness, in elasticity, and in size. The necessary rearrangement of 
the mineral particles will more largely affect the weak, small particles 
than the large, strong ones. However, as shown by microscopical 
study, when a district is closely folded, 110 particle of a rock stratum, 
small or great, simple or complex, weak or strong, escapes the effects 
or fails to take part in the necessary readjustment of folding (fig. 101).

If a rock stratum could be bent without fracture in such a position 
that the superincumbent weight were slight, about one-half of the bed, 
like the iron bar, would be elongated, and the other half would be 
compressed. Between the two there would be a nentral plane.

As rock beds are brittle they act differently from aii iron bar when 
bent to any considerable degree. Beginning at the middle of the mass 
in the trough or crest of the fold and passing toward the convex sur­ 
face, the first lamina is under tension, the second under greater tension, 
and so on, each stratum being stretched more than the preceding. 
The tensile force may go beyond the limit of elasticity and radial cracks 
will be formed (fig. 102). Beginning again at the center and passing
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toward the concave surface, the first layer is uuder compression, the 
second under greater compression, and so on, each stratum being more 
severely squeezed than the preceding. This may go beyond the limit 
of elasticity and produce minor plications.

But the majority of strata which have been closely folded when bent 
were deeply buried beneath other strata. If the superincumbent weight 
was greater than the strength of the rock all parts of it were under com­ 
pression, increasing, it is true, from top to bottom in an anticline, and, 
if the mass was not too thick, from bottom to top in a synchne. In this 
case there was no neutral plane. The rearrangement which took place 
were therefore those of varying compression, flowage away from the 
places of greatest compression and flowage toward the places of least 
compression. The crenulations in an anticline may mean that the part 
of the fold seen was in the compressed area, the stretched and fractured 
part being removed by erosion. Where both the anticlines and synclines 
show plications throughout, it follows that the superincumbent strata 
were so thick that no zone of stretching could be formed, the weight 
being beyond the supporting strength of the rocks, and the movements 
being those of a heterogeuons plastic body.

Just as there is rearrangement of the particles within a bed, so there 
is readjustment of the beds over one another. This may be illustrated 
by a bunch of paper (figs. 118 and 119). If straight lines be drawn 
at the ends of a bunch of horizontal sheets, and then the whole be bent 
into folds, it will be found that the straight lines become curved. In 
other words, the sheets were moved over one another. An examination 
of the curved lines shows that on opposite sides of an antichne or 
synchne the movement for any given stratum is m opposite direc­ 
tions; therefore at the anticlines and synclines the forces are directly 
opposed, and hence the stretching or plication at these places, as 
already explained. But on the limbs of the folds the forces are in the 
same direction for each lamina, but in opposite directions for laminae 
upon opposite sides of any layer thus constituting a couple. Each 
stratum moves up as compared with the one next below it, and each 
stratum moves down as compared with the one next above it. In 
the case of much inclined and overturned folds this statement needs 
modification. (See p. 624.)

The axial lines also show that at the crests of the anticlines and at 
the troughs of the synclines there was comparatively little movement, 
while at the middle of the limbs of the folds the movements were at a 
maximum. From this experiment and from fig. 103 we would expect that 
in folded rock strata the effects of readjustment would be least at the 
crests of the anticlines and troughs of the synclines and most at the 
middle of the limbs, and such are the facts. On subsequent pages it will 
be seen that clastic rocks become crystalline in proportion to the degree 
of shearing and the intensity of the pressure. The former is at a maxi­ 
mum on the limbs of folds and at a minimum on the crests and troughs.
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Further, secondary structures nearly parallel to the beds may develop 
on the limbs, while upon the anticlines and synclines the secondary 
structures form across the beds. It follows that on the anticlines and 
synclines, where there is most crenulation and puckering of the laminae, 
the original structures will be less altered, and the clastic characters in 
sediments, such as sandstones and conglomerates, are likely to be pre­ 
served. Upo the other hand, upon the limbs of the folds the oblitera­ 
tion of fragmental characters may be complete. We therefore have 
the paradox that where there is most crenulation there is least meta-

FIG. 103. Ideal parallel folds and ideal similar folds.

morphism; where least crenulation, most metamorphism. This of 
course applies only to the different positions of the rock in the fold, not 
to a gently folded district as compared with a more closely folded area. 

But rock beds as they occur in nature differ from the bunch of paper 
in that they are of varying thickness and strength. The major read­ 
justments of the rock beds occur between the thick and strong strata, 
and within the weak and soft strata (fig. 133). In these latter, there­ 
fore, the rearrangement of the particles is far more profound than would 
be the case if such beds were folded alone. The polishing effects of
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the readjustments between the beds may often be seen in the slicken- 
sided surfaces of the major and stronger beds, and in cases of impli­ 
cated folding the same phenomena are observable between the thinnest 
laminae. A most striking instance of this polishing is seen in the Jura 
Mountains, where at many places both sides of the strong, thick layers 
of Jurassic limestone are polished as smoothly as if glaciated. They 
reflect the sun like an imperfect mirror. At some places  where the 
folds are steep layers have fallen down along these movement planes, 
exposing great surfaces of beautifully polished rock. In the folded 
Cambrian quartzites of Doe Eiver, Tennessee, the polishing of the 
layers by accommodation is scarcely less strikingly illustrated.

If a given bed in the center of a rock formation be plicated and the 
layers above and below be folded in a strictly parallel manner, in pass­ 
ing away from the central bed in either direction those on either side 
are less closely folded, and finally the crenulations become slight. If 
the folds are close in the center they die out with great rapidity. The 
above follows directly from the laws of deformation of solid masses, 
and is illustrated by fig. 103a. It should be observed that the more 
crenulated lines are longer than the less crenulated ones. In so far as 
this is imitated in nature this implies that there is dlflferential movement 
between the layers, for originally all of the beds must be supposed to 
have been of the same length. Such differential motion doubtless does 
occur in strata in which the folds differ in character, for the more closely 
folded beds must be subjected to severer thrusts or have been origi­ 
nally weaker, so that the thrust is more effective, or have been in a 
position in which friction gave, less resisting power. The ideal figure 
probably more nearly illustrates the effects of nature in passing down­ 
ward from the central line than in passing upward, for the deformation 
in superficial strata may be accomplished by jointing, faulting, and 
brecciation.

If beds above and below the central one be folded m a similar fashion, 
the limbs of the different layers will be closely pressed together or 
thinned, or both, and at the anticlines and syncliues there will be spaces 
between the layers, or thickening, or both (fig. 10,3Z>.) But this result 
can be accomplished only by plastic flow of the material of the limbs 
toward the areas of relief. This often produces minor plications at 
the crests and troughs (fig. 133). Even where the folding is only mod­ 
erately close the limbs of folds may be only one-half as thick as the 
troughs and crests (fig. 103Z>; see also fig. 70, Dale, in the previous 
paper, p. 550). Where the folding is very close the troughs and crests 
must be several times as thick as the limbs in order that they may 
have similar forms. This is shown in some layers m fig. 133. (See also 
fig. 74, Dale, in the previous paper, p. 553.)

Without fully realizing the above principles many geologists have 
drawn sections which are a compromise between figs. 103a and 103Z>,
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and to the structure shown thereon the facts of nature usually cor­ 
respond.

It is evident from the above that close folds can persist in depth with 
similar forms only by great differential movement of material, for the 
readjustment will go only so far as demanded by the differential stresses. 
It is therefore to be expected that the close folds of mountain districts 
die out rapidly with increasing depth. This would certainly be true if 
the lateral stresses diminish, as they must do if the theory of "level of 
no strain" at very moderate depth be correct. The foregoing doubtless 
partly explains the open folding often observed in the center of the 
mountain masses as contrasted with the closely folded flanks, although 
in many cases other causes undoubtedly enter.

This rapid disappearance of folds with increased depth is beautifully 
illustrated in a section along the Schuylkill Eiver near Philadelphia, 
between Lafayette and Spring Mill, shown me by. Miss Florence 
Bascom. In the center of the section is gently undulating gneiss. In 
passing toward the outer parts of the gneiss it is closely folded. The 
gneiss is flanked on either side by still more closely folded mica-schist. 
Not only is the principle illustrated by the entire section, but at vari­ 
ous places close local folds may be seen, above and below which the 
folds rapidly become more open. The same is illustrated in the crum­ 
pled gneisses of the Ottawa River (lower left-hand corner of PI. CXI). 
The disappearance of folds in depth is also illustrated by fig. 135. The 
plications in slate rapidly die out and the limestone below is simply 
folded. (See also Bale's figs. 79 and 80 in previous paper, pp. 555,556.) 
The same principle is illustrated upon a much larger scale by the sec­ 
tion aldng the Doe River west from Cranberry, 1ST. C. The folding of 
the schistosity of the pre-Cambrian granitoid gneisses is gently com­ 
posite, while the overlying Paleozoic quaitzite shows many close minor 
folds. This case is a particularly good one, for it can hardly be sup-' 
posed that the quaitzite is much less rigid than the gneissoid granite.

It follows from the above that where different beds are in folds of 
similar forms rearrangement within the beds, adjustment between the 
beds, and distortion of the beds all work together to shear the limbs of 
the folds parallel to the bedding and to develop plications in the crowns 
and troughs.

(2) Since the boundary between the zone of fracture and the zone of 
flowage is at a different depth for two rocks of unequal strength, and for 
the same roclc under different conditions of stress, there is a zone of com­ 
bined fracture andflowage. In a set of heterogeneous beds upper, weak 
strata may be in the zone of folding, while lower and stronger strata 
may be in the zone of fracture. Also, as pointed out by Wilhs, if strong 
folded strata at anticlines are competent to carry much of the load, as 
they often are if the arches are not too long, weaker strata below may 
be so relieved from weight so as to be partly deformed by fracture. 
Thns, between an upper horizon where all the rocks of a district fracture 
when deformed, notwithstanding the weight of the superincumbent
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beds, and a lower horizon where the effective weight of the superin­ 
cumbent beds is so great that no rock fractures, is a zone of combined 
folding and fracturing. This central zone is one of great thickness, 
and is of the first importance.

A soft shale maybe in the zone of folding, far above a strong quartzite 
or jaspihte, and the latter be in the zone of partial deformation by frac­ 
ture (PI. OXIV). This difference in strength is at many places,cer­ 
tainly equal to the weight of 2,000 or 3,000 meters of strata, and 
probably equal to the weight of 5,000 meters or more. Thus this mid­ 
dle zone is probably at least 5,000 meters thick, and it may be consider­ 
ably thicker than this.

In heterogeneous rock strata in this middle zone irregular fracturing, 
brecciation, jointing, faulting, and folding and the development of sec­ 
ondary structure may occur together in a most complex manner. A 
deeply buried, brittle formation may be under such stress that as a 
whole it folds without major fracturing, but in a minor way it may be 
faulted, fractured, or brccciated (fig. 133 and PI. OXIV, fig. 1). The 
fracturing may leave no permanent openings, as the softer material may 
promptly flow and fill the openings between the more brittle, broken 
layers. Such is the case in some of the jaspihte beds of the Lower Mar- 
quette series of Michigan. Such is also the case at many places where 
beds of shale or limestone are interstratifled with beds of grit or sand­ 
stone. The first may pass to its new position by homogeneous flow, the 
second by repeated fractures, which in extreme cases may break the 
harder beds into fragments and bury them in the softer rocks. The 
same relations often are seen between mobile marble and brittle gneiss. 
Whether fracturing always implies at least temporary crevices is an 
undetermined point.

The weight of the superincumbent material may have been so great 
that the rock beds as a whole bent without macroscopic fracture, and yet 
the microscope may show that the individual grains were broken and 
that minute crevices were formed which have been subsequently filled 
by secondary infiltrations. At many places the massive beds of the 
quartzites of Doe Biver, Tennessee, are bent upon themselves within 
their own radius, with no macroscopic evidence of crevice or fracture. 
But the microscope shows that the fracturing and resultant flattening 
of the quartz grains was almost universal.

This illustration shows that for a given kind of rock the zone of 
fracture passes gradually into the zone of flowage. Even where so 
deeply buried that all large fractures are absent and the rocks are 
practically in the zone of flowage, the microscope may still show frac­ 
tures. It has already been indicated that the zone of flowage is much 
deeper for some rocks than for others. Also for the same rock mass 
it may be less deep when gently folded than when closely folded. It 
is therefore clear that there are gradations between the three zones  
of fracturing, of fracturing and flowage, and of flowage. In the plac­ 
ing of a rock mass in one of the three zones it is to be considered as
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belonging to the one to which it most closely corresponds. If the rocks 
are everywhere broken and show comparatively little folding, they are 
in the zone of fracture; if they show much fracturing and also are 
folded they are in the zone of fracture and flowage; if the fractures 
are subordinate or microscopic they are in the zone of flowage.

SECTION" II. 

ANALYSIS OF FOLDS.

As ordinarily treated, folds are considered as simple flexures m two 
dimensions. As they occur in nature, folds are complex flexures in 
three dimensions.

Folds in rocks may be compared with the waves of the sea. Each 
large wave has superimposed upon it waves of the second order; upon 
these are waves of the third order, and on these waves of the fourth 
order, and so on. Moreover, running across the most conspicuous 
waves at various angles up to perpendicularity may be other waves of 
an equally composite character. As observed from a ship at sea the 
waves of the first order are so large and have such gentle slopes that 
they are often overlooked, while the steeper waves of the second order 
are noticed, because more conspicuous. Upon account of their small 
size the waves of a higher order than the second are usually unnoticed, 
as are also the waves of all orders which are transverse to the more 
conspicuous set.

If when stirred by a great storm the surface of the sea could in an 
instant be frozen we should obtain some idea of the complexity of the 
waves. We should see primary elevations and depressions of circular, 
oval, and lenticular horizontal sections, in different sets, crossing one an­ 
other in various directions, and upon these would be other sets of waves 
of like complexity of the second, third, and fourth orders, and so on.

The rock waves of the earth are of greater size and of equal or 
greater complexity than the waves of the sea. The rollers of the sea, 
when not wind forced, may be compared with the long, gentle folds of 
rock. At first sight they seem simple, but, like the rock folds, when 
observed closely they are found to possess secondary crenulations. At 
the other extreme are the highly complex waves running in various direc­ 
tions at the same time, formed by the shifting winds of a great storm, 
by currents and tides together. The sea in this condition may be com­ 
pared with the rocks in which each set of primary folds has superim­ 
posed upon it folds of the second order, and upon these those of a higher 
order to the wth order (PI. OXI). The smaller orders of folds are micro­ 
scopic (fig. 162). Such complex rock folds are called crumpled, plicated, 
or implicated.

In this comparison it is not meant to imply that the forces which 
produce rock folds are the same, or that they work in the same manner, 
as the forces which produce sea waves. Kor is it meant that the forms 
of the folds are the same as the forms of the waves. The only purpose
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of the comparisou is to give at the outset some idea of the complexity of 
rock folds.

Tangential thrust and gravity are assumed to be the causes of folds. 
No attempt will be made here to show this or to explain the cause 
of thrust, although in the last analysis it is probable that thrust is 
dependent upon gravity. At all times arid in all positions rocks are 
subject to the force of gravity. Thrust and gravity act upon rocks of 
heterogeneous character. Kock heterogeneity, therefore, modifies the 
forms of folds. Folds are further modified by igneous rocks. In what 
follows, the effects of igneous rocks are at first excluded.

We shall now attempt to analyze the rock waves or folds. For 
convenience, they will first be considered in two dimensions.

SIMPLE FOLDS.

Simple folds are classified by de Margerie and Heim 1 as follows : A 
fold is upright or symmetrical when the axial plane is vertical, or

nearly so, and the limbs have nearly 
equal dips in opposite directions at cor­ 
responding points (fig. 104).

A fold is inclined or unsymmetrical 
when the axial plane is inclined and the 
limbs have unequal dips in opposite di­ 
rections at corresponding points (fig. 105). 

A fold is overturned or overfolded 
when the axial plane is inclined and 
the limbs have equal or unequal dips 
in the same direction at corresponding 

points (fig. 106). An overturned fold is lying or recumbent when its 
axial plaue is horizontal, or nearly so (fig. 107). The different parts of 
an overturned fold are the arch limb, reversed limb and trough limb 
(a, ft, c, fig. 107).

As to closeness of 
compression, folds are 
described by de Mar­ 
gerie and Heim as fol­ 
lows : An ordinary fold 
is one in which the strata 
diverge from the crest 
of the anticline and the 

| trough of the syncline 
(figs. 105-107). Ordin­ 
ary folds may be de­ 
scribed as gentle, open, 
or close. In close folds,  . .,.,,,? Flo. 105. Simple Inclined fold.
according to Willis, the
process has gone so far that the strata are perceptibly changed in
1 Lee dislocations de 1' ecorce terrestre, par Emm. de Margerie et Albert Helm, Zurich, 1888, pp. 49-63.

FIG. 104. Simple upright fold.
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thickness in different parts of the fold. An isoclinal fold is one in which 
the strata are parallel, or nearly so (fig. 108). A fan fold is one in which 
the strata converge downward from the crest of the anticline (fig. 
112). In this case the strata at the limbs of the fold are always greatly 
thinned, and in some instances the central strata are absent, the mate- 
rialhavingflowed 
up and down, 
forming detached 
arch cores and 
detached trough 
cores. An ordi­ 
nary, isoclinal, or 
fan fold may be 
upright, inclined, 
or overturned.

In the forma- FIG. 106.-Simple overturned fold.

tion of the simple fan-shaped anticline the rocks are extremely com­ 
pressed on the limbs of the fold, while on the anticline the compres­ 
sion is not so severe. This is doubtless due to the partial escape 
from pressure of the material which rises into an arch, as compared 
with the deeper-seated material in the limbs of the folds, which 
constitutes a part of the continuous crust of the earth in which 
the major thrust must have been transmitted. Another factor is 
the relative strength of the layers. A strong stratum may deform 
weaker layers, geologically below, into the fen form by producing

FIG. 107. Simple recumbent fold.

flowage in them. The formation of the fan fold may be further 
assisted by the tendency of rocks to bend farther at a place where 
deformed rather than to bend in a new place. The different phases 
of the formation of fan folds are illustrated in the Jura. In the 
folds of certain parts of the Jura one is impressed with the flat­ 
ness of the anticlinal domes and the synclinal troughs, the steepness 
of the limbs, and the rapidity of the change from flat dips at the 
anticlines and synclines to nearly vertical dips on the limbs of the
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I I

I

folds (fig. 109o>). So quick is the change that the folds may be said to 
have corners, where the beds are bent in a circular fashion almost within

their own radius.
~^-v^ In the more

cl o s e 1 y c o in- 
pressed folds the 
beds constitut­ 
ing opposite 
limbs of the folds 
are overturned 
in opposite direc­ 
tions, thus pro­ 
ducing a truefan 
fold(fig.!09&). It 
is clear that the 
material of the 
domes partly es­

caped the thrusts which were transmitted in the solid rocks below. This 
thrust from both directions pressed the lower parts of the limbs closer

isoclinal folds.

FIG. 109. a. Diagram of fold in limestone of the JuraMountains, showing hinge-like bendingat sides 
of anticlines; 6, the same somewhat more closely compressed, so that the fold has become fan-shaped.

and closer together, while the rigidity of the partly free dome above pre­ 
vented the upper part of the legs from following, and thus the limbs were
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overturned in opposite directions. It is probable that the folds in the 
Jura represented by fig. 109 were not very deeply buried, and that 
had the material been much deeper the more regular form of fan fold 
shown by fig. 112, and characteristic of the Alps, would have been pro­ 
duced. It may be suggested that the Jura and the Alps belong to the 
same great geological province, and since the types of folding are the 
same in both mountain ranges it is not improbable that if the Jura were 
uplifted sufficiently and more deeply denuded the ordinary fan-shaped 
fold of the Alps would be revealed.

It follows from the above that the mechanics of the formation of fau- 
shaped syncliries are not the same in all respects as those of anticlines. 
It can hardly be assumed that synclines are of such magnitude that 
the lower parts reach a level in which the thrusts are less than at a 
higher level. In other words, it can not be assumed that the lower part 
of the trough of a syncline is under less lateral compression than the 
center of the fold. This may, however, be the case if a "level of 
no strain" is so near the surface as 2 miles. Even if this supposed 
level is not at a greater deptli than 7 or 8 miles, Davison's later estimate, 
the thrust may be considerably less at the deeper parts of the fold 
than at the place*5* of greatest lateral force. We therefore do not know 
whether the first and probably the most important cause of the pro­ 
duction of fan-shaped anticlines difference in amount of thrust may 
also apply to the production of fan-shaped synclines. A difference in 
the strength of layers and a tendency for layers to continue to bend at 
certain places when bending has begun, rather than at other places, 
may tend to produce fan-shaped synclines. For instance, if a very 
strong layer is between two weaker layers, and this stronger layer 
becomes bent more decidedly at the outer, upper parts of the syn­ 
cline, it may continue to bend at these places, and by its strength 
deform the softer material above and below it, so as to force the whole 
into a fan form. That minor fan-shaped synclines are thus produced is 
highly probable, but it may be doubted whether fan shaped synclines of 
the first order would be thus formed, although they may be produced 
by differential thrust if the theory of a "level of no strain" be true.

COMPOSITE FOLDS.

The greatest flexures of the earth's crust are termed by Dana gean­ 
ticlines and geosynclines. Generalizing from his illustrations, it appears 
that these may be defined as flexures which are predominantly due to 
the force of gravity in its tendency to produce isostatic adjustment. 
The deforming force is therefore mainly vertical. When rocks are sub­ 
jected to strong lateral forces they are also deformed, and mountain 
ranges are produced. All folds, of whatever magnitude, thus made by 
the work of great lateral thrust and gravity combined, when not simple, 
are called, following Dana, anticlmoria and synclinoria. An anticlino- 
nnm or synclinonuni of the first order of magnitude is one which com­ 
prises an entire mountain range. Illustrating this usage of the terms,
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the great geological province or basin of deposition of which the Jura, 
the great valley of Switzerland, and the Alps occupy a part, was a geo- 
syncline. When subjected to erogenic forces the mountain ranges now 
seen were produced. The Alps and Jura taken as wholes are anticli- 
noria of the first order, and the great valley between is a synclinorium 
of the first order.

The various kinds of simple folds may be united to produce a great 
variety of composite structures. A composite fold may be an anticli- 
norium or a synclinorium. An anticlinorium or synclinorium, like a 
simple fold, may be upright, inclined, or overturned, but it is probable 
that in composite folds of the first order of magnitude the last rarely 
if ever occurs.

Taking as axial planes the radial planes of the primary fold, the 
secondary folds maybe upright, inclined, or overturned, or on different 
parts of the same primary fold each form may occur. The radial posi­ 
tions of the axial plane give the proper basis in comparing the dynamic 
processes and effects of folding, but because we rarely see the whole

Fm. 110. Ideal section of an upright normal anticlinorium.

of a great anticlinorium or synclinorium at a single view, it is perhaps 
best to treat both the primary and secondary folds in reference to the 
plane of the horizon.

Some of the special cases of composite folds are as follows:

NORMAL COMPOSITE FOLDS.

The upright normal anticlinorium. The primary fold of the upright 
normal anticlinorium has a vertical or nearly vertical axial plane, and 
the limbs at corresponding points have nearly equal average dips in 
opposite directions.

(a) The primary fold is composed of a set of secondary folds, each of 
which is upright or nearly so, taking the radial planes of the primary 
fold as axial planes of the secondary folds. Referring the axial planes 
to the horizon, at the crest of the anticline the secondary folds are 
upright, and in passing in either direction transverse to the primary 
axial plane the secondary folds are inclined, but not overturned. The 
two sets of secondary axial planes on opposite sides of the crest of the 
primary fold diverge upward and converge downward (fig. 110).
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(6) Composed fan fold. The primary fold is composed of a set of sec­ 
ondary folds which at the crown are upright, and in passing in either 
direction transverse to the primary axial plane the secondary folds are 
first inclined and then overturned. The secondary folds may be ordi­ 
nary, isoclinal, or fan-shaped. The two sets of secondary axial planes 
on opposite sides of the crest of the primary fold diverge upward and

FIG. 111. Ideal composed fail fold.

converge downward (figs. Ill and 112). Often in extreme cases of com­ 
pression at the crest of the primary anticline the secondary folds are 
fan-shaped, and passing in either direction these grade into isoclinal 
and then into ordinary folds. Such are many of the composite folds 
of the Alps.

The inclined normal anticlinorium. The primary fold of the inclined 
normal anticlinorium has an inclined axial plane and the limbs at cor­ 
responding points have unequal average dips in opposite directions. 
The primary fold is
composed of a set ! ,' / 
of secondary folds 
which are inclined 
or overturned. The 
two sets of second­ 
ary axial planes on 
opposite sides of

. the Crest Of the pri- FIG. 112. Generalized fan fold of the central massif of the Alps. After

mary fold diverge Heim-
upward and converge downward. The secondary folds may be ordi­ 
nary, isoclinal, or fan-shaped.

The overturned normal anticlinorium. The primary fold of the over­ 
turned normal anticlinorium has an inclined axial plane, and the limbs 
at corresponding points have equal or unequal average dips in the same 
direction. The primary fold is composed of a set of secondary folds, 
which are overturned in the same direction as the primary fold. The 
two sets of secondary axial planes on the opposite sides of the crest of 
the major fold diverge upward and converge downward. The secondary 
folds may be ordinary, isoclinal, or fan-shaped.

The upright normal synclinorium. The primary fold of the upright 
normal synclinorium has a vertical or nearly vertical axial plane, and 
the limbs at corresponding points have nearly equal average dips in 
opposite directions.

16 GEOL, FT 1  39
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(a) The primary fold is composed of a set of secondary folds, each of 
which is upright, or nearly so, taking the radial planes of the primary 
fold as axial planes of the secondary folds. Referring the axial planes 
to the horizon at the trough of the synclinorium, the secondary folds are 
upright, and in passing in either direction transverse to the primary 
axial planes the folds are inclined, but not overturned. The two sets 
of axial planes on opposite sides of the trough of the major fold con­ 
verge upward and diverge downward (fig. 113).

FIG. 113. Ideal section of an upright normal synclinorium.

(b) Inverted interment trough. 1 The primary fold is composed of a 
set of secondary folds, which at the center of the trough are upright, 
and in passing in either direction transverse to the primary axial plane 
the secondary folds are first inclined and then overturned. The two sets 
of secondary axial planes on opposite sides of the trough of the major 
fold converge upward and diverge downward. The secondary folds may 
be ordinary, isoclinal, or fan-shaped (fig. 114).

FIG. 114. Ideal section of an inverted interment trough.

The inclined normal synclinorium. The primary fold of the inclined 
normal synclinorium has an inclined axial plane, and the limbs at cor­ 
responding points have nnequal average dips in opposite directions. 
The primary fold is composed of a set of secondary folds, which are 
inclined or overturned. The two sets of secondary axial planes on 
opposite sides of the trough of the major fold converge upward and 
diverge downward. The secondary folds may be ordinary, isoclinal, or 
fan-shaped.

1 Les dislocations de l'6corce terrestre, par Emm, de Margerie et Albert Heim, p. 83. Zurich, 1888.
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The overturned normal synclinorium. The primary fold of the over­ 
turned normal synclinorium has an inclined axial plane, and the limbs 
at corresponding points have equal or unequal average dips in the 
same direction. The primary fold is composed of a set of secondary 
folds, which are overturned in the same direction as the primary fold. 
The two sets of axial planes of the secondary folds on the opposite 
sides of the trough of the major fold converge upward and diverge 
downward. The secondary folds may be ordinary, isoclinal, or fan- 
shaped.

ABNORMAL COMPOSITE FOLDS.

The upright abnormal antielinorium. The primary fold of the upright 
abnormal anticlirioriuni has a vertical, or nearly vertical, axial plane, 
and the limbs at corresponding points have nearly equal average dips

FIG. 115. Ideal section of ail upright abnormal anticliuoriuni.

in opposite directions. The primary fold is composed of a set of 
secondary folds, which at the crest are upright, and in passing in either 
direction transverse to the primary axial plane the secondary folds are 
first inclined and then overturned. The two sets of secondary axial

FIG. 116. General section of roof structure in the central massif of the Alps. After Heim.

planes on opposite sides of the crest converge upward and diverge 
downward. The secondary folds may be ordinary, isoclinal, or fan- 
shaped (figs. 115 and 11C).

TJie inclined abnormal antielinorium. The primary fold of the inclined 
abnormal antielinorium has an inclined axial plane, and the limbs at 
corresponding points have unequal average dips in opposite directions. 
The primary fold is composed of a set of secondary folds, all of which 
are inclined or overturned. The two sets of secondary axial planes on
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opposite sides of the crest converge upward and diverge downward. 
The secondary folds may be ordinary, isoclinal, or fan-shaped.

The overturned abnormal anticlinorium. The primary fold of the over­ 
turned abnormal anticlinorimn has an inclined axial plane, and the 
limbs at corresponding points have equal or unequal average dips in 
the same direction. The primary fold is composed of a set of secondary 
folds, which are overturned in tbe same direction as the primary fold. 
The two sets of secondary axial planes on opposite sides of the crest 
converge upward and diverge downward. The secondary folds may be 
ordinary, isoclinal, or fan-shaped.

The upright abnormal synclinorium. The primary fold of the upright 
abnormal synclinorium has a vertical, or nearly vertical, axial plane, 
and the limbs at corresponding points have nearly equal average dips 
in opposite directions. The primary fold is composed of a set of sec­ 
ondary folds, which at the trough are upright, and in passing in either 
direction transverse to the primary axial plane the secondary folds are 
first inclined and then overturned. The two sets of secondary axial

FIG. 117. Ideal section of an upright abnormal Bynclinorium.

planes on opposite sides of the trough diverge upward and converge 
downward. The secondary folds may be ordinary, isoclinal, or fan- 
shaped (fig. 117).

The inclined abnormal synclinorium. The primary fold of the inclined 
abnormal syncliuorium has au inclined axial plane, and the limbs at 
corresponding points have unequal average dips in opposite directions. 
The primary fold is composed of a set of secondary folds, all of which 
are inclined or overturned. The two sets of secondary axial planes on 
opposite sides of the trough diverge upward and converge downward. 
The secondary folds may be ordinary, isoclinal, or fan-shaped.

The overturned abnormal synclinorium. The primary fold of the over­ 
turned abnormal synclinorium has an inclined axial plane, and the 
limbs at corresponding points have equal or unequal average dips in 
the same direction. The primary fold is composed of a set of secondary 
folds, which are overturned in the same direction as the primary fold. 
The two sets of secondary axial planes on opposite sides of the trough 
diverge upward and converge downward.
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OCCURRENCE AND ORIGIN OP COMPOSITE POLDS.

Higher orders of folds. Iii all of the above cases the secondary folds 
of the primary anticlmoria and syuclmoria may themselves be auticli- 
noria and syuclmoria. The tertiary folds of the secondary anticlmoria 
and synclinoria may also be anticlmoria and synclmoria, and so on to 
the nth order. The higher orders of the auticlmoria and synclmoria 
are microscopic. Each higher order of auticliuorium and synchno- 
num may be described with reference to the anticlmormm and syncli- 
norium of the next lower order in a manner similar to the desciiption. 
of the primary anticlmoriuni and synclmorium with reference to the 
simple folds of the first order of magnitude.

Even in regions of gentle folding, looked at in a large way, anticli- 
noria and syuclmoria are the rule rather than the exception. In regions 
of moderately close folding the secondary anticlmoria and synclinoria, 
as a rule, are themselves auticlmoria and syncliuona. However, it is 
in such regions as the Alps, Canada, eastern United States, and Lake 
Superior that occur the complex anticlmoria and synclmoria composed 
of folds of different ciders up to the nth order (Pis. OX, OXI, OXII, 
CXIV).

The primary anticlmoria and synclmoria aie usually upright or 
slightly inclined. The higher orders of anticlmoria and synclinoria are 
usually inclined or overturned. The very large synclinoria and anti- 
clinoria on the flanks of the massifs of the Alps, in the Green Mountains 
of Massachusetts, in the southern Appalachians, and many other moun­ 
tain ranges, many of them miles in length, are to be considered as 
secondary folds composing a part of the primary anticliuorium, which 
includes in each case the central massifs and both its flanks. By an 
examination of the published transverse sections of the Alps and Green 
Mountains (Pis. OIX, OXVI, and figs. 157, 158) it will be seen that 
they are usually complicated fan-shaped anticlmoria, which are com­ 
posed of complex normal and sometimes abnormal anticlmoria and 
synclinoria. In each normal anticlinorium, of whatever order, the axial 
planes of the folds of the next higher order diverge upward and con­ 
verge downward, while in each normal synclmorium the axial plane 
of the folds of the next higher order converge upward and diverge 
downward. In the abnormal anticlinoria and synclinoria the reverse 
is the case.

Origin of normal folds. -As has been stated, the forces which act 
upon rocks when being folded are assumed to be tangential thrust and 
gravity. In the smaller folds, thrust may be thought to be the domi­ 
nant force, the other being the modifying force of varying strength. 
In the great folds of the earth, gravity may be thought to be the domi­ 
nant force, which by differential depression relatively raises a great 
anticline or depresses a great syiiclme, while thrust may play a sub-
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ordinate part, being the dominant force in the production of folds of 
the second and higher orders. In folds of intermediate size, each of 
the forces may be about equally important. The relative value does 
not matter so far as the foregoing analysis is concerned, as in all three 
cases the resultant forms fall within the classes given. As long as M e 
are so far from agreeing upon the forces which produce mountain 
ranges, and their manner of work, it seems best to classify the forms of 
folds as we find them, and to explain their origin so far as we are able. 
It thrust and gravity be conceived as acting uniformly upon horizontal 
homogeneous rocks, which are under such conditions as to bend with­ 
out breaking, normal anticlmoria and syncliuoria will be produced. 
Because of initial dips (as explained by Willis), or unequal superincum­ 
bent weight, or other causes, or one or more of these together, rocks when 
subjected to thrust and gravity rise into an anticline here or fall into a 
syncline theie. But there is unequal weight upon the different parts 
of each anticline and syucline. The large basins of deposition are not 
simple, but undulating. These secondary undulations arc composed of 
smaller ones, and so on until ripple-marks are reached, and even these 
are composite. Each curve is composed of rhythmical curves of a higher 
order. Hence the arch or trough which forms is not simple, but is com­ 
posed of a number of minor folds, and these again of those of a higher 
order.

At first the anticlmoriuin is upright, or nearly so, as are also the folds 
of a higher order which compose it, but the secondary folds on the 
flanks of the primary point slightly outward, although the accom­ 
modations between the beds compensate in part for this (figs. 118 
and 119. As the limbs of the auticlinorinm become steeper the sec­ 
ondary folds on the limbs are thrown farther and farther away from 
the axis of the primary arch ((ig. 110). If unaffected by other forces, 
when the primary fold becomes steep the secondary folds on the limbs 
become much inclined or overturned. When the limbs of the primary 
folds become vertical, the secondary folds on the limbs become lying or 
recumbent. In all cases, therefore, the axial planes of the secondary 
folds diverge upward and converge downward. The force of gravity 
may enter to further modify the forms of the folds. When a fold is 
inclined, its own weight and that of the superincumbent beds tend to 
push it over still farther. The effectiveness of gravity in this work is 
doubtless in part due in many cases to partial escape from thrust 
because of the relative rise above the deep-seated beds largely trans­ 
mitting the horizontal force. (See p. GOG.) The farther the secondary 
folds are inclined, either by the increased steepness of the primary fold 
or by the effects of superincumbent weight, the more effective is gravity 
in pressing them down still farther (fig. 111). When the weight of the 
superincumbent material is great, these folds may be pressed into a 
recumbent position, even where tlic primary anticlmorinm is a gentle 
fold. Thus arc explained the composite normal anticlmoria of the Alps 
(PI. CIX).
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At first a synclmormm is upright, or nearly so, as are also the folds 
of the next order which compose it, but the secondary folds on the 
primary point slightly inward, although the accommodations between 
the beds compensate in part for this (figs. 118 and 119; see p. 598). 
As the limbs of the synclmormm become steeper the secondary folds on 
the limbs are thrown farther and farther toward the axis of the primary 
trough. If unaffected by other forces, when the primary fold becomes 
steep the secondary folds on the limbs become much inclined or over­ 
turned. When the limbs of the primary fold become vertical, the second­ 
ary folds on the limbs become lying or recumbent. In all cases, there­ 
fore, the axial planes of the secondary folds converge upward and diverge 
downward. But the force of gravity enters to further modify the form 
of the folds. When a fold is inclined, its own weight and that of the 
superincumbent beds tend to push it over still farther. The effective­ 
ness of gravity in this work is doubtless 111 part due in many cases to 
partial escape from thrust because of the relative rise above the deep- 
seated beds largely transmitting the horizontal force. (See p. 600). The 
farther the secondary folds are inclined, either by the increased steep­ 
ness of the primary fold or by the effects of superincumbent weight, 
the more effective is gravity m pressing them down still farther (fig. 
114). When the weight of the superincumbent material is great, these 
folds may be pressed iuto a recumbent position, even when the primary 
synclinorium is a gentle fold. In the synclinona on the flanks of the 
Alps, which are secondary to the great primary anticlmorium, the crests 
of the recumbent secondary folds sometimes neaily meet, thus almost 
closing the syiiclinoriurn (PI. C1X).

The question may be raised as to the effectiveness of superincumbent 
weight in pressing do\vn inclined folds. It has been explained that 
zones of folding of rock masses are necessarily zones of readjustment 
or of partial rock flowage. The flowage is from the place of great com­ 
pression to the places of less compression. Where the weight of the 
superincumbent strata is so great as to equal or surpass the strength of 
the rocks folded, it appears clear that gravity must be an important force, 
which may greatly modify the forms of folds. The particular form of 
fold in a given case is of course the resultant of all the forces which 
work upon the rock stratum composing it.

So far as I am aware, Dana, 1 in 1847, was the first geologist to call 
attention to the principle that folds may be modified by the force of 
gravity. As is well known, this idea has been recently emphasized by 
Eeyer.

Origin of abnormal folds. In the abnormal anticlmorium and syii- 
clinormin new factors enter to modify the result. The first is readjust­ 
ment between the beds. Fig. 118 represents a drawing of a number of 
upright folds made upon the ends of a bunch of smooth sheets of paper

1 Geological results of the earth's contraction m consfo,uence of tooling, by James D Dana, 
Am Jour Scl , 2(1 ser , Vol III, p 185, 1847
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three-fourths of an iucli thick. The sheets may be taken to represent 
thin beds in a nearly homogeneous rock. Fig. 119 represents this same 
drawing as it was distorted when the bunch of papers was folded into 
anticlines or synclines between blocks of wood. It will be seen that, 
consequent upon the readjustment of the sheets over one another, ren­ 
dered necessary by the folding, the secondary folds at the crests and 
the troughs remain upright, although compressed if a secondary 
anticline or syncliiie corresponds with a primary fold of the same 
kind, and dilated if a secondary anticline or syucline corresponds with 
a fold of the opposite kind, and vice versa. If the secondary folds were 
slight, the opening might go so far as to obliterate them and the only

FIG. 118. Eepresentation of simple symmetrical folds, with their axial planes drawn on the ends of 
a hunch of smooth paper three-fourths of an inch thick.

remaining effect be to flatten the primary anticlines or synclines. The 
secondary folds on the limbs of the primary folds are distorted. The 
readjustment therefore mainly affected the forms of the fold upon the 
limbs. Taking as their axial planes the radial planes of the primary 
folds, the secondary folds on the limbs are seen to be inclined. In 
reference to a primary anticline, the axial planes of opposite folds 
converge downward; in "reference to a primary syncline, the axial 
planes of opposite folds diverge downward, but both less than they 
would were it not for readjustment. The above experiment does not 
exactly represent the conditions in nature, for the accommodations 
between the beds, instead of occurring parallel to the primary folds, 
would take place parallel to the secondary folds. However, an exam­ 
ination of the distortion of the axial planes of fig. 118, shown in fig.

119, shows beyond question 
that when a set of beds are 
folded which are free to ad­ 
just themselves parallel to 
bedding, the movement of 
the material in the npper 
half of the beds is relatively 
away from a syncline toward 
an anticline, and the move­ 

ment of the lower half is away from an anticline toward a syncline; 
or, stated more generally, the differential movements between the 
beds on the legs of folds are relatively up in a higher bed or 
relatively down in a lower bed. It can not be doubted that the 
sum total of the readjustments between the beds, although they 
follow the crenulatioiis instead of being exactly parallel to the primary 
fold, would give the same effect. Therefore there is a tendency in

FIG. 119. The same, as it was distorted wten folded into 
anticlines and synclines.
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anticlinoria and synclmoria, due to normal differential movement, for 
secondary folds to become inclined, taking the radial planes of the 
primary folds as axial planes of the secondary folds. However, when 
the readjustment is uniformly distributed this tendency does riot so far 
affect the secondary folds but that they fall within the class of normal 
composite folds. But if the major readjustment of a great set of 
formations were largely concentrated along a single one in it, anticli- 
uoria might have the axial planes of the secondary folds converge 
upward and diverge downward, and synclmoria might have the axial 
planes of the secondary folds diverge upward and converge downward, 
and thus both become abnormal. This readjustment along the beds, 
as explained later, may in many cases be considered as movements 
along shearing planes. (See pp. 056-657.)

The second new factor in the production of abnormal folds is the 
great strength of the older rocks. For a given region, upon the aver­ 
age, rocks become stronger with increase of age. There are innumer­ 
able exceptions to this if too small a portion of geological time be 
considered, as period by period, but taking era by era such exceptions 
are rare or altogether absent. The Archean rocks are usually stronger 
than the Proterozoic, the Proterozoic locks are stronger than the 
Paleozoic, the Paleozoic rocks are stronger than the Mesozoic, and the 
Mesozoic rocks are stronger than the Ceuozoic. This in the sedimen­ 
tary strata is due to the indurating effects of various geological forces. 
In mountain ranges, where complex anticlinoria and synclmoria mostly 
occur, a great thickness of strata is concerned in the major folds, 
usually more than the deposits of an era; so that upon the whole in 
great mountain masses the lower groups of roc^s are stronger.

The third cause of the production of abnormal folds may be decreas­ 
ing lateral stress with increasing depth. That such variation in stress 
is a general fact must be true if the theory of the level of no lateral 
stress at a moderate depth be correct. It has been pointed out (pages 
600-601) that folds must die out with increasing depth unless there is 
great rearrangement of material. If it be supposed that the opposing 
stresses upon opposite sides of an anticline or syuclme decrease with 
depth, there will certainly be more decided folding of the higher strata 
than of the lower. This implies upward differential movement of a 
higher stratum as compared with a lower beyond that required for nor­ 
mal readjustment. (See p. 598.) Consequent upon this there will be a 
tendency for the axial planes of secondaiy folds on anticlinoria to 
diverge downward, and for those on synchnona to converge downward.

Another factor in the production of abnormal composite folds is the 
position of the fold in the group of rocks folded. The farther the rocks 
are below the surface the greater is the weight of superincumbent 
strata and the more forceful is gravity in pressing to a recumbent 
position the inclined secondary and tertiary folds of great anticlinoria 
or synclmoria. As has been seen, the inferior strength m the upper



618 PRINCIPLES OP NORTH AMERICAN PRE-CAMBRIAN GEOLOGY.

strata and the lessened weight to which the upper strata are subjected
are not usually sufficient to prevent thrust and gravity from acting in
the ordinary way and producing normal anticlinoria and synclinoria.

In both the abnormal auticlinorium and synclinorium the application
of the above causes to their 
formation are identical. 
To make this clear the fol­ 
lowing figures are drawn: 
Figs. 120 and 121 each 
represent four strata, the 
lower two of which are 
strong and the upper t\vo 
of which are weak, each fig­ 
ure comprising one-fonrth 
of a wave and the other 
being its complement. In 
each case the figure ends on 
one side at the crest and 
on the other at the trough 
of the flexure. There is 
nothing to indicate whether 
either is a part of au anti­ 
cline or a syncline. Each, 
hi fact, may be half of 
either, for, put end to end 
in one way, they form an 
anticline; in the other, a 
syncline. In both cases 
the lower rocks constitute 
a relatively rigid inclined 
plane. If the superincum­ 
bent weight is not too great 
when thrust occurs, in cer­ 
tain cases the softer rocks 
above may yield to the 
forces to a greater degree 
than do the rigid rocks be­ 
low, and thus tend to flow 
over them, and in case the 
upper strata be much

120.

121. 

FIGS. 120 and 121. Obverse halves of an anticline or syucline.
weaker than the lower, or 

there be a plane of weakness, the differential flow will be largely con­ 
centrated along the contact or weak zone, and normal secondary folds 
which have before developed may be inclined in an opposite direc­ 
tion from their first position, so as to become abnormal. In this case 
the parts of the composite folds may be represented by figs. 122 and 123.
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122.

Put together end to end in one way the prominent secondary folds form 
an abnormal anticlinoriuin; in the other, an abnormal synclinorinm. 
It will be noted that in passing away from the central zone of plications 
either into the more 
rigid rocks below or into 
the softer rocks above 
the secondary folds 
become normal. Con­ 
sidering the two figures 
put together to represent 
a great flexed mountain 
mass, and supposing 
erosion to truncate the 
layers to the horizontal 
line drawn, there would 
be exposed normal folds 
at the center of the an­ 
ticline, abnormal ones 
upon the flanks, and 
normal ones at the outer 
parts of the mountain 
mass. In nature we can 
never hope to see such a 
great composite fold in 
all its parts. It is only 
in the great mountain 
masses where such folds 
have been dissected that 
we can get at their char­ 
acter. In such cases 
the older strata would 
be expected to show 
the normal forms, the 
newer strata the abnor­ 
mal forms, and the in­ 
termediate strata alter­ 
nations of the two. The 
change from normal to 
abnormal and to normal 
again is apparently that 
which actually occurs 
in the Alps from the St. 
Gothard massif south to the great valley'of Switzerland. (See pp. 
624-625, and PI. CIX.)

The manner in which the more rigid rocks escape large plications 
while the weaker beds are strongly plicated, producing abnormal folds,

123.

FIGS. 122 and 123. Obverse, halves of composite folds, showing de­ 
velopment of abnormal folds and their relations to normal folds.
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is well shown by fig. 110, given by Heiin as a general section showing 
roof structure in folded sediments and a central massif. In the pro­ 
duction of actual abnormal antichnoria and syuchnoria it is probable 
that accommodations as illustrated by figs. 118 and 119 are largely con­ 
centrated as illustrated by figs 120-123. Therefore the production of 
abnormal antichnoria and sym-linoria may be summarized as follows:

When two groups of rocks of unequal strength, not deeply buried, 
are folded into an anticline, on account of the natural readjustment 
of strata, of the relative weakness of the upper, newer group of rocks, 
and probably of decreasing differential stress with increasing depth, 
there may be differential now on either side toward the axis of the an- 
ticlinonuin over the lower, older rocks, thus producing secondary folds, 
the axial planes of which converge upward and diverge downward. 
Had the rocks been of equal strength, or had the weight of the super­ 
incumbent strata been sufficient to more than overbalance the differ­ 
ence in strength and difference in stress tending to produce folds 
pointing crestward, normal secondary folds pointing outward would 
have developed.

When two groups of rocks of unequal strength, not deeply buried, 
are folded into a syuchne. on account of the natural readjustment of 
the strata, of the relative weakness of the upper, newer group of rooks, 
and probably of decreasing differential stress with increasing depth, 
there may be differential flow of the lock material on either side away 
from the axis of the syjichnonuin over the lower, older rocks, thus 
producing secondary folds, the axial planes of which diverge upward 
and converge downward. Had the rocks been of equal strength, or had 
the weight of the superincumbent strata been sufficient to more thnu 
overbalance the difference in strength and difference in stress tending 
to produce folds pointing trough ward, normal secondary folds pointing 
inward would have been developed.

Crystalline or core rocks are apt to be more massive and stronger 
than the little-altered sedimentary beds, and therefore the core rocks 
usually act to a certain degiee as a unit when subjected to thrust. 
Secondary abnormal folds are frequently found at the contact of mas­ 
sifs and the overlying rocks. Howe\er, even in these cases the folds 
will be normal it only the thickness of the superincumbent beds be suf­ 
ficient. At a considerable depth the different iStrength of rocks is 
not so potent as gravity in giving form to folds. From the above it 
does not follow that the massifs or portions of them do not take part 
in the folding. That they do in many regions is certain, as is shown by 
infolding of core rocks with sedimentary beds, even when the massifs 
were originally granite. Also that massifs may take part in the fold­ 
ing is shown by the minor and major folds of their parts, which in form 
are like those of the associated sedimentary roeks.

It is recognized, however, as explained upon a subsequent page, that 
massifs, because of their homogeneous character, because they are
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underlain by no definite stratum of rock of a different character, and 
because they are otten so deeply buried, may act in quite a different 
fashion, under the forces of folding, from ordinary sedimentary layers.

Causes modifying the forms of folds. The foregoing discussion has 
been carried on as though the active forces of deformation are equal 
in opposite directions, and are acting in the same zone from opposite 
sides of the deformed area. If this were the case, if the strata affected 
were of the same thickness and strength, if the initial dips were equal 
in opposite directions, and if the other conditions were the same, a 
stiictly symmetrical arrangement of folds might be expected. But 
these conditions are never true. In the great; majority of cases the 
facts do not depart so far from them but that the folds which form 
fall within some of the classes given. However, there are a number of 
ways in which the forms of folds may be modified.

Major faulting may interfere with their forms. Minor slip-faulting, 
as explained upon a subsequent page, may dominate an entire area. 
Igneous intrusions may disturb beds in many ways. Where these 
modifying effects are found the structure is the resultant of all the 
movements. One of these cases, that of the fold fault, is considered 
under Section V, Faults, p. 072.

Finally, it often happens that there is a tendency for the axial planes 
upon one side of an anticlmorium or synclinoimm to be steeper than 
those upon the other. In some cases the axial planes of all the folds 
throughout a mountain mass may be inclined in the same dnection. 
Such folds may be called monoclinal. (Fig. 148.) In such cases the 
force, and consequently the movement of the strata, have usually been 
supposed to be more largely from one direction than from the other, 
and the axial planes of the folds have usually been regarded as dip­ 
ping toward the force.

Various explanations have been offered as to how the forces act upon 
the strata in the actual production of monoclinal folds. Of these ex­ 
planations, that offered by Rogers appears most probable for piles of 
strata of like rigidity. Believing- as he did that the folds of the Appa­ 
lachians were analogous to the waves of the sea, he naturally concluded 
that the tendency to a southeastward inclination of the folds of the 
Appalachians was due to the fact that the center of disturbance and 
resultant waves came from the southeast. While not following him in 
his explanation of folds as great waves suddenly formed, the idea 
seems reasonable that the "forward thrust operating upon the flexures 
* * * would steepen the advanced side * * * precisely as the 
wind acting upon the billows of the ocean forces forward their crests 
and imparts a steeper slope to their leeward sides." 1 For we now regard 
folded rocks as plastic when bent. The compressive stresses do not

' Ou the Physical Structure of the Appalachian Chain as exemplifying the Uws which have regu­ 
lated the elevation of gre,it mountain chains generally, by W. B Kogers, Prot Assn Am Geol and 
Nat for 1840-1842, p 512, Boston, 1843
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extend to an indefinite depth, but are limited by the level of no lateral 
stress. They therefore affect the outer skiii of the earth, just as does 
the wind the superficial water of the ocean. As a result there is a differ- 
eutial movement due to friction, the amount of movement upon the 
average gradually decreasing below the zone of maximum movement. 
Of course the sums of the forces, including friction, are always equal in ' 
opposite directions, but they constitute a vertical couple, i. e., "Two 
equal and parallel forces opposed in direction, but not in the same 
straight line." As a result there is differential movement of the material 
of the upper zone as compared with the lower, the former being thrust 
over the latter.

Other things being equal, where the differential thrust is greatest the 
first inclined fold is formed. The folding piles up the strata. After a 
time the increased thickness of material is sufficient to present a larger 
total resistance to deformation than the thinner strata in advance. 
The stress will then be transmitted forward. On account of the greater 
stress per unit of area, a second fold, similar to the first, will then be 
formed, but this results 111 again thickening the mass subject to the 
force couple, and again the stress is transmitted forward. A new 
inclined fold is then produced, and so on.

It is not necessary that one inclined fold shall be completely formed 
before others begin to develop. Indeed, this is not to be expected, for 
as soon as any thickening of the deformed mass occurs the conditions 
are favorable for the forward transmission of the effective stress. Thus 
many folds may be in process of formation at the same tmie. Indeed, 
so far as I can understand, there is no reason why differential move­ 
ment should not be initiated at the same time wherever the condi­ 
tions are favorable throughout the area in which nionoclinal folds are 
observed.

It is to be noted that, under the assumption that the effective stress 
moves the upper strata over the lower, the vertical component of 
deformation is upward rather than downward. In other words, it is in 
the direction of easiest relief, and this is the kind of deformation one 
would expect, and which doubtless prevails in the majority of movements 
of the first order, in which thrust is the dominant force, for it has been 
seen (p. 017) that, upon the average, rocks are stronger with increas­ 
ing age, and hence there is greater resistance ceuterward than surface- 
ward. Folds thus produced by upward differential movement may be 
called "overthrnst folds." The axial planes dip toward the effective 
stress, hence overthrunt folds are those in ivhich the axial planes dip 
toward the force producing them.

While the development of overthrust folds is the general law, it may 
riot infrequently happen that uuder favorable conditions beds or forma­ 
tions may be thrust forward and downward. Folds thus produced by 
downward differential movement may be called "underthrust folds." 
The axial planes dip away from the effective stress, hence unilerthrust
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folds are those in wliicli the axial planes dip aivay from the force produc­ 
ing them.

lu the rocks of a system or group strong formations may be above 
weak formations. In this case the strong formations are able to 
transmit the forces to a greater degree than the beds above or below. 
As pointed out by Willis, a forward downward movement may be 
directed by initial dip, and thus underthrust folds be produced. In a 
second case the strata pile up as a result of the folding. The relatively 
raided masses may then to a certain extent escape active thrust. (See 
fig. 109 and pp. GOG-007.) The strata largely transmitting the thiust 
in front of the folded material may under these conditions be pushed 
under the higher mass. Uuderthrust folds are most likely to occur if 
the two conditions above given favoiable to their formation are com­ 
bined, i. e., weak formations below and piling up of strata.

In considering the force couples in normal and abnormal composite 
folds, each composite limb between trough and crest must be sepa­ 
rately analyzed. (See figs. 120-123.) In normal aiiticlinoria and 
syuchnoria gravity has been seen to be the efficient force which causes 
differential movement (pp. G14-61G). Gravity works down the slope. 
The axial planes of the secondary folds dip toward the force (see figs. Ill 
and 114), and the secondary crenulations are therefore overthrust folds. 
In abnormal composite folds it has been explained (pp. G16-G20) that 
the differential movement may be caused by (1) normal readjustment, 
(2) increased strength of the rocks with increasing depth, and (3) the 
possible decreasing lateral stress with increasing depth. The first of 
these is eliminated for the present purpose. The second and third, 
either singly or together, must be sufhcient to overcome gravity and 
to grve a resultant force directed up the slope, in order that abnormal 
folds may be formed. (See figs. 115 and 117.) The axial planes there­ 
fore dip toward the force, just as in normal composite folds, and the 
secondary creuulations are therefore overthrust folds.

By the above it is not meant to imply th;it uuderthrnst folds may not 
be produced in either normal or abnormal composite folds, for if the 
conditions given 011 previous pages favorable for nndertlirnst folds 
locally occur, creuulations of this type may be formed.

The formation of monoclmal folds is sometimes well illustrated by 
the creuulations of a lava bed m which there was differential flow down 
a slope, the, upper layers moving faster than the lower. Monochual 
folds thus formed are usually not large. The directing force was grav­ 
ity, and the axial planes dip toward the force. The crenulations are 
therefore overthrust folds. Since ordinary folds, which form without 
fracture, develop in the deep-seated zone of flowage, the analogy with 
contorted lava currents is believed to be closer than might be at first 
thought, although it is not meant to imply by this that the folded rocks 
are really fluid, but merely that a plastic solid nuder sufficient differ­ 
ential stress is deformed in the same fashion as is a viscous liquid.
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It has been pointed out (p. 5U8) that iu ordinary folds the movement 
is relatively up for a higher stratum as compared with the one next 
below it. Iu the case of overturned monochnal folds (figs. 106, 107, 
and 148) the later differential movements of the strata on the longer 
limbs of the folds m;iy continue quite to and past the crests of the 
anticline, so that the differential movement on the shorter limbs of the 
folds is relatively down for the superior stratum geologically as com­ 
pared with the inferior. However, in this case, when the folds are 
oveiturned, with reference to the horizon on the inverted limb, the 
movement of the higher stratum would still be upward, as compared 
with the one below it. This may be called reverse differential movement, 
and it may continue so as to more than compensate for the normal dif­ 
ferential movement, but the resultant differential movement would be 
less on the steeply inclined or overturned limbs of the folds than on 
the longer, flatter limbs, since on the latter the motion is continuously 
in the same direction.

In tlie ease of monochnal folds it will be later shown (see p. 658) 
that the shearing is greater on the longer, more gently inclined limbs 
than on the shorter, more steeply inclined limbs. As a result of tins 
the former are not so thick as the latter and are usually more metamor­ 
phosed.

Examples of composite folds. As a first instance a cross-section of 
the Alps through the St. Gotbard massif may bo taken (PL CIX). 
This is a great auticlinormm. No complete section of the south limb 
has been published, so we can consider only the northern limb. The 
St. Gothard massif (A) is an upright secondary fan told. To the sonth 
follows a set of normal, outward-pointing, isoclinal, secondary folds (BB). 
Then comes a great normal secondary syuclinorium, containing Trias- 
sic, Jurassic, and Cretaceous rocks (C). Then follows a composite 
anticlinormrn which is near the border line between a normal and abnor­ 
mal composite fold, but upon the whole belongs with the former (D). 
This character is explained by the fact that the aiitichnorium stands 
between normal and abnormal folds. Still farther south is a nearly 
upright abnormal synchnorium, composed of Jurassic, Cretaceous, and 
Tertiary rocks (KB). The last two are very weak as compared with the 
strong Jurassic limestone; hence differential flow and,rnajor readjust­ 
ment have occurred between them, thus producing an abnormal com­ 
posite fold. To the southward there follows a normal outward-pointing 
fold composed of Tertiary rocks (F). The difference in strength of the 
beds is not great, and hence their normal character. Beyond these are 
very gentle upright folds. If these groat secondary folds be analyzed 
into lesser elements, it will he found that these also accord with the 
principle given as to the prodnction of normal and abnormal folds. 
Also, if the same great set of folds be considered as a part of a great 
synchnorium, the trough of which is the valley of Switzerland and 
one flank of which is the Jura and the other tbe Alps, an analogous
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explanation will be found to apply, and the conclusions as to the 
character of the folds will be the same.

In the United States, Mount Greylock, the Taconic range, and the 
valley between constitute a great normal auticlinonuni (PI. GXVI). 
The same is true of Mount Washington, in Massachusetts (fig. 158). 
A cross-section of the central part of the Marquette district furnishes 
an example of a great abnormal synclinorium (fig. 146). The abnormal 
character is due to the very great difference in strength between the 
Archean granite and the Algoukian Lower Marquette formations. At 
the east end of the Marquette district, where the Archean rocks are 
relatively weak schists, the synclinorium is normal. The detailed dis­ 
cussion of the above normal and abnormal folds in America is given 
on subsequent pages at the places where the respective districts are 
described.

Limit of term fold. By the above analysis and examples it is not 
meant to imply that, where sediments were deposited off a land area and 
the land and sea areas were afterwards compressed, producing undula­ 
tions in the sedimentary rocks, and often in those also of the original 
land areas, the terms anticlinormm and synclinorium are properly appli­ 
cable to the primary flexures. Following Dana, as indicated on a pre­ 
vious page, such flexures are more properly described as geoantichnes 
and geosynclines. In such cases, however, there is a differential upris­ 
ing or subsidence, in many cases producing a composite flexure. It is 
believed that the principles applied to primary folds of true anti- 
chnoria and synclinoria apply to the secondary folds in question, just 
as though they together constituted a part of an ordinary fold. When 
gravity controls their form they are normal. When the difference of 
strength of the rocks controls their form they are abnormal.

As a matter of fact, it is often difficult to determine in a given 
mountain range whether the so-called core rocks were deeply buried 
under a great thickness of sediments, being, perhaps, in or near the 
center of the trough of deposition, or whether they were, and continued 
to be, land areas. It is thought that it is one of the advantages of the 
treatment given that it is not necessary to decide this question before 
working out the structure of the district. In either case the types of 
folds formed on the great flexures and the laws controlling them are 
the same.

Movements continuous or discontinuous. Composite folds may be the 
result of forces acting continuously or discoutinuously. The different 
secondary folds may develop at different times. The higher orders of 
folds may begin to form only at a late stage of development. Usually 
it is impossible to determine whether thrust was continuous or discon­ 
tinuous. However, as will be explained later, if the intervals between 
the successive movements were sufficiently long and the conditions were 
such that crevices could be formed and these were tilled with secondary 
minerals, or if cementation or metasomatic changes produced new mm- 
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erals, or if within the strata igneous rocks were intruded, the later 
dynamic effects upon such new material may enable us to determine the 
fact of different movements.

In the Hiwassee section of the Ocoee series, iu the southern Appala­ 
chians, in the more closely folded part of the section quartz veins have 
formed in a first set of crevices. The rocks have been subsequently 
folded so as to closely plicate these veins, and after this folding a second 
set of unfolded quartz veins has formed. In other parts of the section 
only unfolded quartz veins are seen. This shows that certain parts of 
the area were affected by two periods of folding separated by a long 
interval.

COMPLEX FOLDS. 

ORIGIN OP COMPLEX FOLDS.

Thus far folds have been considered in two dimensions only and have 
been treated as though they were continuous and had continuous axial 
lines, each one being a great circle of the earth. Such is not the case in 
nature. In a given fold, in passing from place to place the direction and 
inclination of the crest-line are different, and it is rarely, if ever, a part 
of a great circle. Its deviation from the horizontal at any point gives 
the inclination of the fold at that point. This inclination, measured in 
degrees, is known as the pitch. Also when a fold is followed longitudi­ 
nally, or in the third dimension, it changes continuously in size and 
character. A fold of the greatest magnitude may be followed along 
the third dimension until it dies out. The most closely compressed and 
intricately composite fold may be followed in the third dimension until 
it becomes a gentle composite fold, or even disappears. When a pri­ 
mary fold is traced in the third dimension it may be found to grade 
into a secondary fold. At tlie same time a secondary fold on the flank 
of a primary fold may itself become the primary fold. On any fold a 
new secondary fold may appear, and when followed longitudinally may 
become more and more important until it is the dominant fold. In 
short, in a composite set of folds each fold of any order is constantly 
changing in character and importance.

In a given fold all of the changes may occur, and thrust may have 
acted only in a single direction. The initial dip of the beds may 
have been different. The thickness and strength of the beds may have 
varied from place to place. Thrust may not have been equal along the 
border of the entire area affected. It may not have continued to act 
as long in one place as in another. Therefore there is great variation 
in the character and size of folds at their different cross-sections. 
Gravity is always toward the center of the earth; therefore variation 
in its direction does not enter as a modifying force.

Further, in the folding of rocks thrust is rarely, if ever, in a single 
direction. Usually, when complex thrusts aredecomposed into two direc­ 
tions at right angles to each other, one is more powerful than the other.
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The greater force may be called the major thrust, and the lesser force 
may be called the minor thrust.

Major and minor thrusts may unite in a resultant effect and produce a 
set of folds in a position intermediate between those that the two sets 
would have if each thrust had been alone. It is possible, and even proba­ 
ble in many cases, that after a thrust in one direction has produced a 
&et of folds, anew thrust at an angle less than a right angle to the first 
may be decomposed into two forces and resnlt m further folding the 
first set of folds, and perhaps in the production of transverse folds, 
rather than in producing a new diagonal set, for when rocks are once 
bent in a given place they bend farther much easier at this place in the 
same direction than at a new place in a new direction. This principle 
is well illustrated by the folds of the Jurassic limestone of the Jura 
Mountains (fig. 109). The transverse component of the lateral thrust 
may be too weak to produce auy considerable effect. In such cases it 
would be difficult or impossible to discriminate a &et of folds thus formed 
by two diverse thrusts from a set formed by simultaneous or successive 
thrusts 111 a uniform direction. However, if there be sufficiently strong 
thrustsm twoor morediagonal directions, or two thrusts at right angles, 
two sets of folds are produced which intersect each other. Such a dis­ 
trict may be described as one of complex folding. The more important 
set of folds, corresponding to the major thrust, may be called the major 
or longitudinal folds, and the cross folds, corresponding to the inmor 
thrust, may be called the minor or transverse folds.

CHARACTER OF COMPLEX FOLDS.

From analysis, as well as from observation, it is found that cross 
folds arc usually nearly at right angles to each other; for, as already 
explained, if the diverse thrusts be inclined to one another, theyiwill be 
resolved into two forces, one of which forms the major folds, and the 
other of which produces cross folds in a direction at right angles, or 
nearly so, to the first set of folds.

Major and minor cross folds may each be prod uced by continuous forces 
in both directions, or in each direction each force may be continuous 
or discontinuous. To ascertain these points the same criteria are avail­ 
able as in the case of thrust in a single direction (see p. 625-626).

Longitudinal and transverse folds may be classified into upright, 
inclined, or overturned. Each of these may be ordinary, isoclinal, or 
fan-shaped. Simple folds may unite to form composite folds. The 
composite folds may be normal or abnormal, and each synclmorium or 
anticlinorium under each class may be upright, inclined, or overturned.

As complex folds actually occur in the field, usually the compression 
is not close in both directions. Oases are known, however, in which a 
set of longitudinal overturned folds have transverse folds with vertical 
dips, and the dips of the transverse folds in intricately folded districts 
are in many cases as steep as 45° or 60°.
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When the major folds are close, as compared with the minor folds, 
the complex folds have great length as compared with the breadth, and 
are canoe-shaped. The Appalachians in the closely folded districts 
may be taken as a type of such complex folding. That initial dip is not 
sufficient to explain the pitch of the folds in this region is shown by 
the following facts: A stratum or set of strata may rise at one end of 
a synclinal canoe. Beyond this for a distance the strata are removed 
by erosion, but farther on appear again plunging downward at the end 
of another canoe. Corresponding phenomena are observed in reference 
to anticlines.

In proportion as the major and minor thrusts approach each other in 
power, the canoes become shorter and broader. Where they are nearly 
equal the folds are domes or basins. Usually these domes and basins 
are associated with canoes, which may be in one or both directions 111 
the same region. Where the two sets of cross folds are about equally 
conspicuous the strikes and dips of the rocks vary constantly, their direc­ 
tions depending upon what part of the complex folds is under observa­ 
tion.

Where the complex folds are also composite the canoes, domes, and 
basins are fluted or crennlated, being composed of secondary canoes, 
domes, and basins. Similarly, these may be composed of canoes, domes, 
and basins of the third order, and so on.

OBSERVATIONS IN COMPLEXLY FOLDED DISTRICTS.

From the relations of cross folds, as above explained, it is clear that 
where there are complex folds the axes of one set of folds and their 
pitch give the direction and dip of the cross fold at that point. There­ 
fore, to fully understand a district complexly folded it is necessary to 
make the following observations:

(1) Determine the strike and dip of the strata at the given point. 
These give the resultant position of the strata as tilted by the forces of 
folding in both directions.

(li) Determine the direction and pitch of the axes of the major folds. 
The first is the direction of dip and the second is the amount-of the 
dip of the minor or cross folds. The average strike is, therefore, deter­ 
mined.

(3) Determine the direction and pitch of the axes of the minor folds. 
The first is the direction of dip and the second the amount of the dip 
of the major folds. The average strike is, therefore, also determined.

Of these three observations, the first is the only one ordinarily taken, 
and it is the one of the least importance in regions of close, complex 
folding. It is only by making the second and third observations that 
an adequate idea of the structure can be obtained. While the first 
observation may be made at any point, the second and third observa­ 
tions can be made accurately only along the crests of the anticlines or 
tronghs of the synclines of the various orders of folds. Therefore, it
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may be necessary to work over a considerable area in order to obtain 
the required data. Some practical suggestions may be offered as to the 
manner of determining whether the rocks of a district are complexly 
folded, and the direction and pitch of the axes of each set of folds, 
and therefore the strikes and dips of the two sets of cross folds.

(1) It is advisable to look for the ends of canoes. These may be fre­ 
quently found at the ends of ridges; hence especial study should be 
made of the folds where a topographic breaks appear across the ordi­ 
nary ridges, either at a right or an acute angle (fig. 160). When once 
the end of a canoe is found, an observation can be made as to the 
direction and pitch of the axes of the fold, and thus the strike, and dip 
of the cross fold be determined.

(2) The tops of ridges should be examined. These may bu the crests 
of anticlines or the troughs of synclines, depending upon the topographic 
development of the region. Along the little cross breaks which are sure 
to occur the direction and pitch of the axes of the folds may be deter­ 
mined. In some instances ridges are longitudinally inclined, following 
hard layers, and in this case there is an exceptionally fine opportunity 
to determiue the direction and pitch of the folds.

(3) In case the two sets of cross folds are about equally conspicuous, 
there may be a double set of ridges and valleys cutting each other at 
right angles, or nearly so, and this may give a clue to the character of 
the folding of the district.

(4) In some cases the beds are closely plicated in one direction so as 
to give nearly uniform strikes. Unless closely observed it may not be 
noted that there are really minor rapid deviations of strike, which 
indicate a set of pitching folds and a complexly folded district. The 
major and more important folds may be transverse to the minor plica­ 
tions. From what has gone before, it is plain that in such cases the 
important observations are not the strikes and dips of the strata of the 
minor folds, which vary momentarily, but the direction and pitch of 
the axes of the minor folds, which give the direction and amount of 
the dip of the major fold, and therefore the average strike (fig. 147).

(5) Pumpelly has called attention to the fact that discordance between 
strike of bedding and that of secondary structures indicates pitching 
folds. Where a secondary structure develops at right angles to the 
greatest normal pressure, or nearly so, it in many instances has a 
nearly uniform direction for an extensive area. In case the folds are 
horizontal, or the district is simply folded, this direction is the same as 
the strike of the rocks or the strike of the axes of the folds. Where the 
forces producing the folds are in two or more directions, and conse­ 
quently form complex folds, the minor component, producing pitch, does 
not develop cleavage at right angles to itself; and the relations between 
the strike of bedding and that of the secondary structure vary from 
near parallelism on the limbs of the longitudinal folds to a direction at 
right angles to each other at the ends of the canoes and on the crests of
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the anticlines and in the troughs of the synclines. In passing from one 
place to the other there are found all relations between parallelism 
and perpendicularity. Because the area where the two are parallel, or 
approximately so, is greater than the area where there is an important 
discordance between the two, it has been customary for text-books to 
speak of the strike of bedding and the strike of cleavage as usually par­ 
allel. This, as has been seen, is wholly true only where the folds are 
horizontal, and the statement becomes more and more a partial truth us 
the pitch of the folds increases in amount that is, as the less conspicu­ 
ous folds become more important. Hence it is that where a secondary 
structure exists the relations which obtain between its strike and that 
of bedding should be ascertained, and if discrepancies are found this 
indicates a complexly folded district.

(6) Pumpelly also formulated the principle that " The degree and 
direction of the pitch of a fold are indicated by those of the axes of 
the minor plications on its sides." This statement must be understood 
to apply to the direction and pitch of the primary fold at the point 
where the secondary fold is observed. This principle is a direct corol­ 
lary from the relations of cross folds as given on a previous page, and it 
is of the greatest service in determining the structure of very complexly 
folded districts, because in them minor plications are so numerous. They 
may be seen in their entirety, and may therefore give the required deter­ 
mination of the character of the cross folds. The principle is, however, 
only approximately true. It would be wholly true if the secondary folds 
upon the flanks of the primary fold were exactly of the same character. 
But since the forces locally vary in direction and amount, and the rocks 
vary in rigidity, the direction and pitch of a secondary fold may vary 
somewhat from those of a primary fold. Usually this deviation is so 
small that the principle is invaluable in field work in regions of complex 
folding, and gives data of sufficient accuracy for ordinary purposes.

It is evident that in the application of all the above criteria we must 
consider bedding and not secondary structure. The criteria upon which 
this discrimination is made will be considered later. (See pp. 736-719.)

Very often in regions of complex folding observers note only the most 
conspicuous folds in a single direction. The fact that folds are composite 
may be overlooked, and that they are complex is even less likely to be 
seen. The difficulty is further increased because of faults and secondary 
structures, such as slatiness, schistosity, and banding, which, may be mis­ 
taken for bedding. The development of these structures and their rela­ 
tions to folds and bedding will be considered later. (See pp. 656-659.)

In ordinary districts where there are cross folds the more conspicuous 
set is generally chosen as giving the direction of folds, while the less 
conspicuous set 111 the other direction is considered as giving the pitch 
of the folds. It does not follow that the folds giving the pitch, in the 
magnitudes of their vertical components, are less important than the 
more conspicuous longitudinal folds, for the lowness of the dips of the
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transverse folds may be more than compensated by their greater lengths, 
and the cross folds may be of the first order of magnitude in a district. 
Usually it is possible to work out the structure of such a district with­ 
out particular attention being directed to transverse folds. They are 
so gentle that the changes of strike and dip are not rapid, and a satis­ 
factory map may be made without recognition of the existence of cross 
folds. It is suspected that the largest folds of a district have often 
escaped the attention of the geologists who did the mapping.

The more complex the folding of a district the more necessary it is 
in determining its structure to consider the character of both sets of 
folds, and for very complex districts this is imperative.

By means of maps and sections it is difficult to represent the structure 
of a very complexly folded district, and even a dissected model does not 
represent it completely, as it is impossible to show in true proportion 
the different orders of folds, and especially those of the higher orders. 
It is plain that cross-sections in a single direction at long intervals fail 
to give any adequate idea of the structure of such a district, although 
these combined with geologic and topographic maps may do so. In 
reports the structure can best be represented by combining the geologic 
and topographic maps with two sets of cross-sections made at frequent 
intervals .and at right angles to each set of folds.

It will be noted that 111 the foregoing treatment of folds they are classi­ 
fied as they occur, no ultimate theory of their origin being offered. No 
conception of the cause of mountain ranges enters into the analysis. 
It is true that an explanation is attempted of the difference between 
normal and abnormal composite folds. The fact that this explanation 
apparently accords with the forms and distribution of folds in all of the 
many different districts to which it has been applied, and at the same 
time accords with the principles of mechanics, appears to me to give to 
it a considerable degree of probability. Even if the explanation be not 
accepted, the forms of folds and the principles applicable to their stndy 
remain the same. Thus we have a classification of folds and an outline 
of methods for their study which will assist in determining the structure 
of the complexly folded districts and in preparing areal maps of them.

CHANGES ACCOMPANYING FOLDING.

Contemporaneous with rock folding, and in a large measure dependent 
upon it, other changes occur in rocks. As has been seen, crevicing 
and brecciation largely depend upon the same forces as does folding. 
During the process of folding old minerals are transformed into new 
ones. New mineral material enters from the outside. The minerals 
are rearranged and mechanically modified. Secondary structures, such 
as cleavage, fissility, joints, and faults may develop. In short, during 
the folding process the rocks are to a greater or less degree metamor­ 
phosed. In succeeding pages each of these phenomena will be sepa­ 
rately considered.
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RELATIONS OF FOLDING TO UNCONFORMITY.

The folding of a set of inferior formations in a more complicated 
manner than that of another set of superior formations may indicate a 
structural break between the two, and consequently that the two sets 
of formations belong to different series. In order that this criterion 
maybe applied, it must be conclusively shown that the supposed upper 
formations are really above the others. It must cot be assumed that a 
formation at one side of an axis of plication is in a superior position 
because less folded, for in many regions close folds die out within a 
comparatively short distance in a direction transverse to them. This 
is the case along the Green Mountains, where the closely folded Lower 
Paleozoic rocks pass quickly, to the westward, to unfolded or very gently 
folded ones. The change here takes place so rapidly that it has been 
supposed by many geologists that the more closely, folded rocks are 
really the older and belong to a series prior to their unfolded westward 
continuation. The failure to appreciate the above principle has been to 
a large degree the cause of the Taconic controversy.

It is believed that the cause of the frequent sudden change from 
closely folded to very geutly folded rocks across the strike of the folds 
is due to the principle explained on pages 621-623. This is: Strata when 
once bent at a certain place continue to bend at this place rather than to 
form a newfold. This bending continues until, as a result of the folding, 
the strata are greatly thickened and the inclinations become steep, so 
that resistance to further folding at this place is greatly increased. 
The force is then transmitted forward and a new area is affected by 
folding, but as soon as the strata are here bent they continue to bend 
easily until they are closely folded, so that there is the same sudden 
transition as before from the closely folded to the very gently folded or 
unfolded districts.

In the first and simplest case the lower formations have been sub­ 
jected to cither simple or complex folding, while the upper formations 
are undisturbed or very slightly disturbed. In this case the upper 
formations are likely to be found as inliers upon the other, and the 
structural break between the two is comparatively easy to determine. 
Phenomena of this kind are found at many localities between the 
Paleozoic and pre-Paleozoic sediments, and less frequently they are 
found wholly within the pre-Paleozoic formations.

The second case is that in which the lower formations were folded 
by one or more movements before the upper series was deposited, and 
subsequently the two were again folded. If the second folding was 
of a comparatively simple character, and the earlier was rather com­ 
plex, it is usually comparatively easy to separate the two series. For 
instance, the lower formations may have been rather closely folded by the 
first orogemc movement, and the two sets of formations together may 
have been gently folded by the second movement. The discrepancy 
between the two may often be detected, even when the movements
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were in tlie same direction, as they so frequently were. But tlie dis­ 
cordance may be more easily discovered if the second movement was in 
a different direction from the first, so that the first folds of the lower 
formations became complexly folded at the second period of folding, the 
newer formations at the same time being simply folded.

Third, in more complicated cases the lower formations were folded 
one or more times before the upper series was deposited, and after the 
deposition of the latter the two series were again folded in a complex 
fashion, either by a single orogenic movement or else by successive 
movements. In proportion as the folding of the later formations 
becomes complicated the criterion of folding for separating series is 
more and more difficult to apply, and where the folding of the upper 
formations is at all intricate it is usually of little value. The criterion 
of folding for separating unconformable series is to be considered in all 
cases in connection with other criteria given upon subsequent pages.

SECTION III. 

CLEAVAGE AXD FISSILITY.'

DEFINITION OF CLEAVAGE AND FISSILITY.

The property of cleavage in rocks is here defined as a capacity present 
in some rocks to break in certain directions more easily than in others. 
By virtue of this property rock masses may be split into slabs or into 
leaves. The term cleavage is taken from a property in minerals, and 
is here confined to a strictly parallel usage. This definition does not 
agree with that ordinarily given in the text-books, but it is believed 
that the restriction is a gain for accurate discussion. The structure 
corresponds to Sorby's "ultimate structure" cleavage/

Fissility is here defined as a structure iir some rocks by virtue of 
which they are already separated into parallel laminae m a state 
of nature. The term fissility thus complements cleavage, and the two 
are included under cleavage as ordinarily defined. Where a rock is 
finely fissile it may be called foliated. Fissility corresponds in part to 
Sorby's "closejoints" cleavage.3

The terms slate and schist, slaty and schistose, slatiness and schis- 
tosity, are retained with their'usual significations. A slate maybe 
defined as a rock having the property of cleavage or fissflity, or both 
combined, the rock parting into layers with relatively smooth surfaces. 
In slates the mineral particles are usually of small size. A schist is a 
rock having the property of cleavage or fissility, or both combined, the 
rock parting into layers with rough or wavy surfaces. In schists the 
mineral particles are larger than in slate. As is well known, there are 
all gradations between slates and schists. In origin and essential

' Before reading this section it will be better to read the last part of Professor Hoskms's article in the 
Appendix, on Flow and Fracture of Rocks as Related to Structure, beginning with " Strain and Stress "

2 On Some Facts Connected with Slaty Cleavage, by H. C. Sorby, Kept, British Assn. Adv. Sci., 27th 
meetmg, 1857, pp 92-93 of Transactions
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characters the two have many properties in common. Schistosity, 
however, indicates more severe metamorphism than slatiness. It 
follows, from the above definitions, that a slate or a schist may have 
the property of cleavage or of flssility or of both combined. When both 
are present they may be parallel or intersecting. Both may occur in the 
same slate or schist in more than one direction.

It is not the aim here to inquire fully as to the manner of development 
of cleavage and fissility. The treatment here given will be supple­ 
mented to a certain extent on a subsequent page under the subject of 
mashing. Starting with the results reached by Phillips, 1 Sharpe,3 
Sorby, 3 Tyndall, 4 Heim,5 Daubree,6 Harker, 7 Becker, 8 and others, it is the 
purpose to inquire into the attitudes of cleavage aud fissility, the causal 
difference between the two, aud the relations which these structures have 
to others. The investigators mentioned have shown that cleavage and 
fissility are usually closely connected with folding, being one of the 
results of compression. It has been held (pp. 589-003) that there are 
great differences in the manner in which masses of rock respond to 
compression, depending upon depth and upon whether they arc homo­ 
geneous or heterogeneous.

Sorby explains rock-cleavage as mainly caused by the rotation of min­ 
eral particles, and especially mica, so that their longer diameters and 
the cleavage of the mica ](articles are normal to the greatest pressure. 
The rock readily parts along the greater dimensions aud cleavage of the 
mineral particles. The minute mica plates were supposed to be frag- 
nieutal particles deposited in the plane of bedding, and to have been 
rotated by the movement of the rock to a position normal to the pres­ 
sure. Sorby also showed that the laminar hydrous silicates, such as 
chlorite, develop in situ parallel to the cleavage. He did not think 
that this was true of mica in slates, but believed that the parallel mica 
flakes of mica-schist formed in situ during the recrystallization of the 
rock.

Sharpe and Tyudall explain cleavage as due to the flattening of the 
mineral particles by pressure, so that they have a parallel arrange­ 
ment witli their shortest axes in the direction of greatest pressure.

'Report on Cleavage aud Foliation in Kocks, and on the Theoretical Explanations of these Phenom­ 
ena, John rhilHps, British Association for the Advancement of Science, 20th meeting. 1886, Proceed­ 
ings, pp 369-396

2 On Slaty Cleavage, Daniel Sharpe, Quar lour G-eol Soo Lond , 1846, vol 3, pp 74-105, vol 5 
1849, pp 111-129

^Anniversary Address of the President, Henry Clifton Soiby, Quar Jour. G-eol Soc Lonrt , 1849 
vol 36, Proceedings, pp 68-02

'The Development of Slaty Cleavage, John Tyndall, Philosophical Magazine, 4th Ser , Vol XII, pp 
35nt8,1856

6Mechanismus der Grebirgsbildung, Albert Heira, Band H, 1878, pp 51-74, mit einern Atlas
6 Geologie Exptamentalc, by A Daubrcc, Vol 1, pp 391-432, Pans, 1879
7 On Slaty Cleavage and Allied Rock Structures, with Special Reference to the Mechanical Theories 

of their Ongin, Alfred Harber, British Association foi the Advancement of Science, 55th meeting, 
1885, Proceedings, pp. 813-852

'-Finite Homogeneous Strain, Flow, and Kupture of Rocks, by G F Becker, Bull. Geoi Soc Am . 
Vol IV, 1891, pp 13-90
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This cause aud the causes given by Sorby have ordinarily been regarded 
exclusive of each other, but ifc is believed that they may be mutually 
supporting.

My microscopical study of both cleavable slates and schists has con­ 
vinced me that in the interstices, and by the decomposition of the larger 
particles, new minerals, and especially mica, abundantly develop with 
similar orientation and with their longer diameters or cleavage, or both, 
parallel to the flattened or rotated original particles. The innumerable 
parallel minute flakes of cleavable minerals in slate, especially mica and 
chlorile, which are almost universally present, are in no case detrital, 
so far as observed by me, but have developed in situ. Usually it is 
easy to discriminate the large, comparatively sparse fragmental mica 
plates, if any are present, from those which are autogenic. As soon as 
a new mineral particle has developed it is subjected to flattening and 
rotation .precisely as is an original mineral particle. This parallel 
arrangement of minerals developed in situ is probably the most impor­ 
tant single cause of cleavage.

Not infrequently unmodified igneous rocks have the property of rift 
or cleavage more or less perfectly developed. In all cases observed by 
me"this capacity is due to the arrangement of the mineral particles with 
their longer diameters in a common direction or to their similar crys- 
tallographic orientation, or both. In the case of cleavable minerals, 
the particles which are similarly orientated give the rocks a capacity 
to part parallel to the direction of readiest mineral cleavage, and this 
tendency is more marked if the greater dimensions of the mineral parti­ 
cles accord with their cleavage. In some cases, in which there is a rift 
in two directions, this is due either to cleavage in the mineral particles 
in two directions or to cleavage of them in one direction and their par­ 
allel arrangement with longer axes in the other direction. Hornblende 
is one of the minerals which sometimes produces a cleavage by having 
very numerous crystals with their longer diameters in a common direc­ 
tion. Feldspar is one of the minerals which produces cleavage on the 
same principle as hornblende, but which also in some cases gives a 
rock-cleavage as a result of the cleavage of the mineral particles.

From the foregoing it is believed that rock-cleavage is due to the 
arrangement of the mineral particles with their longer diameters or readiest 
cleavage, or both, in a common direction, and that this arrangement is 
caused, first and most important, l>y parallel development of neic minerals; 
second, by the flattening and parallel rotation of old and new mineral 
particles; and third, and of least importance, by the rotation into approxi­ 
mately parallel positions of random original particles. The propriety of 
the definition of rock-cleavage as first given is therefore evident. It is 
always clue to a capacity to part, and very frequently the parting does 
occur by the actual cleavage of the mineral particles.
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DEVELOPMENT OF CLEAVAGE IN HOMOGENEOUS ROCKS.

Becker has recently rediscussed the origin of cleavage, and concludes 
that it always develops in the shearing planes rather than in the normal 
planes. Even in the case of the experimental development of a cleav­ 
age structure in wax, which is strictly normal to the pressure, the 
structure is explained as developing in the shearing rather than in the 
normal planes.

As will be seen below, it is my own conviction that a structure 
develops in the normal planes under certain conditions, and that under 
other conditions structures develop in the shearing planes, as advocated 
by Becker. The first is believed to be a deep-seated phenomenon of the

zone of flowage; the second is believed 
to be a more superficial phenomenon 
in the zone of fracture. In other words, 
as already stated, it is thought that 
under the term cleavage two entirely 
distinct structures of different origins 
have been confused. Theories which 
explain or partly explain one of these 

structures have been extended to cover both 
of them, because it was not understood that 
they are different.

Eocks when deformed under great weight 
flow as a plastic solid, and under these cir­ 
cumstances, as shown by the geologists above 
cited, the property of cleavage is developed. 
At all times the particles of the rock are 
welded together (fig. 101). Fissility will not 
form, for by the supposition the rocks are so 
deeply buried that no crevices can exist. In 
the formation of flowage cleavage, or cleav­ 
age proper, as the term is here used, the

thrust may be from one or more than one direction. It may vary in 
force both horizontally and vertically. In any case there is flow of the 
rock mass in the direction of least resistance. If the force be applied 
so that there is uniform shortening in one direction, as in the case of a 
rigid piston, the elongation is at right angles to the direction of thrust, 
or in the normal planes. This may be called pure shortening (figs. 124 
and 125). By pure shortening is meant the particular kind of non- 
rotational distortion illustrated. The volume remains unchanged, the 
shortening in one direction being compensated by equivalent elonga­ 
tion at right angles to this. In this kind of deformation, while there is 
no differentia] movement or shearing in the normal planes, shearing 
does occur along all of the intersecting diagonal planes. It makes no 
difference whether the movement is wholly from one end of the mass or 
in part from both ends. But when the lateral force varies greatly at

FIGS. 124 and 125. Diagrams show­ 
ing theoretical change iu arrange­ 
ment and form of particles when 
uniformly shortened by hydro­ 
static plastic flow.
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varying depths the deformation may vary from pure horizontal short­ 
ening to a nearly horizontal differential movement combined with 
shortening (figs. 127 and 128). Such inclined differential movement is 
dependent both upon the varying force of thrust in passing from higher 
to lower horizons and upon increased friction with greater depth, due 
to gravity, which acts as an opposing force. In the case last illustrated 
the deformation is a simple shear. 1 The deformation here called pure 
shortening is defined by Becker 2 as a shear, and a shear, as just defined, 
is called by him scission.

Ordinarily, at any place m the rock mass the three principal stresses 
are unequal. If the differential stress surpasses the elastic limit of the 
rock it produces shortening in the direction of greatest stress, elonga­ 
tion in the direction of least stress, and shortening or elongation in the 
direction of mean stress, depending upon whether the latter is nearer 
the maximum stress or the minimum stress. The phenomena subse­ 
quently described appear to show that there is more frequently elon­ 
gation than shortening along the direction of mean stress. It follows 
that as a result of flowage there is usually one direction of shortening 
and two of unequal elongation. The plane of the minimum and mean 
stresses is believed to be the plane of cleavage.

A coherent slate, which has the unmodified property of cleava.ge as 
here defined, shows but a single marked structure. This structure in 
the dense slates is often nearly normal to the direction of the greatest 
shortening of the strata. In the many instances in which cleavage is 
everywhere nearly parallel to intrusive igneous masses, there seems to 
be no escape from this conclusion. In such cases a zone of slate or 
schist surrounds a granite or other mass, the secondary structure vary­ 
ing in direction through 360°, thus making a circle about the intrusive 
core. The cleavage is therefore at each point nearly at right angles to 
the greatest pressure. Such zonal cleavage about batholites has been 
described in this country at various localities. The cleavage in the 
mica-schist adjacent to the granite core of the Black Hills is every­ 
where parallel to the igneous mass. Lawson has described like phe­ 
nomena at many places in the mica-schists of Ontario. The secondary 
structure is everywhere parallel to the adjacent igneous masses. 
Emerson finds that the same relations obtain between the secondary 
structure and the intrusive granites in Massachusetts. Similar phe­ 
nomena have been described iu other countries at localities too numer­ 
ous to mention. In all of these cases there can be no doubt that the 
magmas were under hydrostatic conditions and transmitted their pres­ 
sures at every point normal to the rocks with which they were m con-

'Text book of the Principles of Physics, by Alfred Daniel], 3d edition, 1894, p 78 Macmillan &, 
Co , London and New York Elementary Text-book of Physics, Anthony and Brackett, 4th ed , 1888, 
pp 113-114. Treatise on Natural Philosophy, Thompson and Tait, uew ed , 1890, Part I, pp 123,124 
Flow and Fracture of Bocks as Related to Structures, L M. Hoskins, p.irt on Strain, Appendix to 
this paper

2 Finite Homogeneous Sham, Flow, and Bupture of Rocks, by G ]? Becker, Bull Geol Soc. Am, 
Vol IV , 1891, pp 22-25
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tact. There would therefore seein to be no escape from the conclusion, 
that in such cases the secondary structure developed in planes normal 
to the pressure.

In homogeneous slates having cleavage it is not usually possible to 
follow the particles through their movements to their final positions. 
However, in rocks which are not so nearly homogeneous there are 
numerous minor plications. Where these plications are arranged in a 
symmetrical fashion, that is, do not have one set of limbs longer than 
the others, they give strong evidence that the thrusts were in opposite 
directions and normal to the secondary structure. (PI. CXVII.) If the 
rock were homogeneous the crumplings would disappear and the move­ 
ment of the particles would more nearly follow the law of plastic flow. 
Such deformation of the particles may be without differential move­ 
ment normal to the pressure, and is illustrated by figs. 124 and 125 in 
an ideal case and by PL CXV in a natural case. It is not necessary 
that the particles be of the same size or of the same strength. As 
is known by macroscopical study of the schist-conglomerates and by 
microscopical study of ordinary slates and schists, if the movement 
continues far enough the old mineral particles are flattened, or flattened 
and rotated into parallel positions. New minerals develop with similar 
orientation. Therefore, as a consequence of the flowage of the stratum, 
the induced arrangement of the particles necessarily produces a capacity 
to cleave in the plane of the two longer axes of the mineral particles, as 
in this direction the rock may part between them.

In the case of forces resulting in rotatory movement, as shown by 
Professor Hoskms's discussion on cleavage (see Appendix and figs. 
167-168), the structure may be explained as developing in the normal 
planes as in the case of pure shortening. The direction of shortening 
of any small area varies in its relation to the component particles at 
each successive moment. This variation may be due to the work of 
stress-couples producing simple shearing, to a change in the direction 
of pressure, or to a rotation of the area concerned, or two or all com­ 
bined. The final result is to deform a given homogeneous area as 
though it were shortened in but a single direction, and after this was 
rotated. The cleavage is at right angles to the direction of greatest 
shortening of the area in its final position, this structure being due to 
the capacity to part parallel to the greater dimensions of the mineral 
particles. This resultant position is not normal to the final direction of 
greatest pressure, but at any given moment the deformation occurring 
is itself normal to the pressure. I^ewly developing minerals also tend 
to form at any moment with their shortest axes in the direction of 
pressure, and are rotated by the simple shearing exactly the same as 
the original minerals. Therefore the shortest axes of both new and 
old minerals are in the same direction. Thus the cleavage develops 
strictly in the normal planes, but its position by the rotation of simple 
shearing is inclined to the final direction of pressure.
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I therefore conclude from analysis, from experiments upon viscous 
and plastic bodies, from observations in the field, and from studies with 
the microscope, that I am justified in the statement that the secondary 
structure of a roclc which is deformed by plastic flow develops in the plane 
normal to the greatest pressure, and that this structure is true cleavage.

We thus see that in both the case of pure shortening and the case of 
shortening combined with rotation the secondary structure is parallel 
to the greatest dimensions of the mineral particles. This parallelism 
may be macroscopically observed at very numerous localities in which 
schist-conglomerates occur. Some of the more important of these are 
the Hastings district of Ontario, Green Mountains of Vermont, Felch 
Mountain district of Michigan, many localities in the basal conglom­ 
erates of both the Upper Huronian and Lower Huronian in the Mar- 
quette district of Michigan, the Black Hills of Dakota, and the Front 
Eange of Colorado.

Iii different localities the degree of flattening of the pebbles varies 
from a small amount to that in which the pebbles are transformed into 
leaf-like areas. Everywhere and in all grades of change the secondary 
structure accords with the longer diameters of the flattened pebbles. 
(PI. OXV and fig. 156.) The same phenomena have been observed by 
me in microscopical studies upon fragmeutal particles in hundreds of 
sections of the semicrystallme formations from many parts of America.

According to Becker's explanation of slaty cleavage, there is an 
important discrepancy between the direction of the structure and the 
gi eater diameters of the flattened mineral particles.1

If the above observations are correct, it would seem that there is no 
escape from the conclusion that the secondary structure which I here 
describe as cleavage is not developed in the manner described by 
Becker and can not be explained by his theory. I therefore return to 
the old explanation of the English geologists which perfectly accords 
with the facts that this secondary structure develops in planes normal 
to the pressure.

In further confirmation of this explanation are certain phenomena 
described to me by Diller and Keith.

Diller makes the following statement:
At Crystal Lake, on Hough's Peak, Plumas County, Cal , is a conglomerate that 

is immediately associated witli slate Slaty cleavage is well developed iu the latter, 
and ako in the conglomerate The greater diameteis of the flattened pebbles jre 
always in the cleavage planes. The harder pebbles are less elongated than the softer 
ones, and aie frequently fractured, the fractures being diagonal to tlie cleavage.

The probable explanation of the phenomena is that the cleavage 
develops in the normal planes and the fractures develop in the shearing 
plane, as explained by Becker. At the same depth and pressure the 
softer parts of the rock were under conditions of flow and the hard 
pebbles under conditions of fracture.

1 Finite Homogeneous Strain, Flow and Bupturo of Hocks, George 3T Becker, Bull Geol Soc Am , 
Vol IV, pp 55-66.
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Keith makes the following statement:
Near Blowing Rock, 1ST C , is a mashed porphyntic granite in which porphyntic 

crystals of feldspar are flattened in various degrees, and their greater diameters aie 
upon the average parallel with the secondary structure. In many cases the feldspar 
crystals are fractured in a direction diagonal to the cleavage, and in some cases in a 
single feldspar crystal there are two sets of diagonal fractures approximately at 
right angles to each other and each inclined ahout 45° to the cleavage.

The phenomena therefore correspond precisely to the idea of a pres­ 
sure normal to the cleavage, which at the same time produced fractures 
in the more rigid feldspar crystals along the maximum shearing planes. 
As in the slate described by Diller, the weaker matrix was under condi­ 
tions of flowage at the same depth that the more rigid feldspar crystals 
were under conditions of fracture.

It is a very common phenomenon in slates and schists, both macro- 
scopically and microscopically, for the direction of the secondary 
structure to wrap around the harder particles. As a hard gram or 
pebble is approached the cleavage structure in the matrix opens out 
on each side of the grain, envelops it, and closes in again beyond it. 
The structure nowhere intersects, although upon opposite sides of a 
particle, near the end, the structures converge and come together as 
the end of the gram is reached. They would intersect if continued in 
their original direction. While the cleavage of the matrix, where there 
are many harder particles, constantly varies in direction, it nowhere 
intersects. Its average direction is the same as that of other parts of 
the rock in which resistant particles are absent. Because the struc­ 
ture of the cleavage, where hard particles are present, simulates a 
mesh structure, loose observation might lead to the conclusion that 
there are present two intersecting structures. The prime character­ 
istic of a true mesh structure is that two diagonal structures shall 
intersect. As shown subsequently (p. 054), intersecting diagonal fissil- 
ity may develop in the shearing planes.

The deviation of cleavage about hard particles is explained by the 
fact that the more resistant grains act as a transmitter of forces. At 
any given point at the exterior of a hard particle the direction of great­ 
est pressure is normal to the grain, and hence the peripheral arrange­ 
ment of the cleavage about the gram. The principle is precisely the 
same as that explaining the development of zonal cleavage about 
intrusive batholites. (See p. 037.)

The crucial point in deciding whether there is a structure which 
develops in the normal plane is the simple matter of fact as to whether 
or not the flattening of the original particles corresponds with this 
structure. In testing this point it is best to take examples in which 
the flattening of the particles is not too great (see PI. CXV), else the 
lessening discrepancy between a possible structure called cleavage by 
Eecker, 1 developing in the planes of " maximum tangential strain," and

'Finite Homogeneous Strain, Flow and Eujituro of Kocbs, George F Uecber, Bull Geol Soc Am , 
Vol IV, pp 55-66
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that regarded as cleavage by me, developing m the normal planes, may 
be overlooked. As already explained, I hold that the facts of the field 
accord with my position. Upon this crucial point of fact I ask the 
observation of geologists, for by the facts of occurrence must be j udged 
the adequacy of the explanation offered as to the manner of action of 
the forces which produce cleavage. It is believed by me, as will be 
seen, that the theory that cleavage is developing at any given moment 
normal to the pressure fully explains all the diverse facts of true cleav­ 
age in both homogeneous and heterogeneous rocks.

 The amount of shortening of the area of a rock mass necessary to 
produce the property of cleavage may not be great in a slate, as shown 
by the amount of distortion of the bedding. In proportion as the 
shortening becomes greater the rock is apt to change from a slate to a 
schist. If the process of shortening continues until a schist is pro­ 
duced, it is often difficult or impossible to estimate the amount of hori­ 
zontal shortening of the strata, but it is certain from observation that it 
is usually considerable, perhaps to one-half or one-third of the original. 
This is shown by the plications of layers of a slightly different color 
which are cut by the schistosity. (PI. CX.) If plicated layers such as 
often occur in schists were straightened out, they would require a dis­ 
tance across the schistosity two or three times as great as at pi eseut.

It is very rare indeed that any rock is so homogeneous that the 
unmodified law of normal flow perfectly applies as above given. Among 
the sediments argillaceous rocks most nearly approach homogeneity. 
The massive rocks, however, still more nearly approach homogeneity. 
But even these are not strictly homogeneous, being composed of mineral 
particles of different sizes and characters. However, these particles 
in many instances are uniformly flattened and readjusted, so that the 
mass in a large way almost perfectly obeys the law. A mashed massive 
rock having cleavage but not fissility is a solid, strong schist, and it is 
in this class of rocks that cleavage in a uniform direction as the result 
of normal plastic flow is best exemplified.

Earely rocks show au almost equal capacity to part in any direction 
parallel to fibers. In these cases the microscope shows that the mineral 
particles are very long in the fibrous direction, and have about the 
same average magnitude in all directions at right angles to their great 
est diameters, instead of having two definite directions of mean and 
minimum diameters at right angles to each other, as is ordinarily the 
case in slaty cleavage.   As pointed out by Professor Hoskins under 
Cleavage (see Appendix), this structure is explained by the deforming 
or maximum pressure being equal or nearly equal throughout a circle 
of revolution in all directions perpendicular to the fibrous structure, 
and by less pressure in the direction parallel to the fibers. This results 
m shortening in all radial directions and elongation at right angles to 
this, and thus the fibrous structure is formed normal to the plane com­ 
posed of tie radial directions of greater pressure. 

16 &EOL, PT 1  41
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It has been seen on a previous page that unmodified igiieous rocks 
may have the capacity to cleave, and that the structure is similar to a 
secondary structure in sedimentary rocks. There is not so great a dif- ' 
feience between the two in this respect as might at first be supposed. 
The arrangement of the mineral particles in the igneous rocks is caused 
by the similar original crystalline orientation of the mineral particles 
produced by unequal stresses in three dimensions and by the rotation 
of flowage. In the sedimentary rock the same is true, but the flatness 
of the particles is due to another cause. The chief difference is, how­ 
ever, that the lava is a viscous liquid and the crystallized rock a plastic 
solid. The manner in which the parallel minute mineral particles which 
produce cleavage 111 igneous rocks change their direction in passing 
around a large porphyntic crystal is as similar as possible to the way in 
which laminar mica scales in a slate or schist change in direction in pass­ 
ing around a large refractory gram. In both cases the material wraps 
about the rigid particles which were sufficiently strong to partially or 
wholly resist deformation.

The above explanation of cleavage makes this structure also analo­ 
gous to the capacity to part along bedding planes in sedimentary rocks. 
As each erosion particle has unequal diameters, it comes to rest in most 
cases with its longer diameters in the plane of bedding, thus giving at 
the outset a laminated structure. This structure may be emphasized 
by the pressure of gravity. It therefore follows that the unaltered 
sedimentary rock ruptures more readily along its bedding plane 
than elsewhere. That the capacity to part parallel to bedding is less 
marked than parallel to the cleavage of slates and schists is due to the 
fact that the ratio of the minor to the mean and major diameters of 
the mineral particles is not so large and the regularity of the parallel 
arrangement not so nearly perfect in the original sediment as in a 
slaty or schistose rock. If a maximum deforming force be normal to 
the bedding, as it may be in some cases, the original imperfectly par­ 
allel arrangement of the mineral particles, with their longer axes in the 
direction of bedding, would be so much done toward producing a 
cleavage, and the result would be to give a more highly developed 
secondary structure parallel to the bedding with a given amount of 
movement than would result from the same deformation in a different 
direction.

In some instances, as has been seen, observations show that the con-' 
joint action of tangential thrust and friction throughout considerable 
masses of rocks was apparently such as to give approximately uniform 
shortening of the strata in one direction. The material is confined on 
all sides, and its deformation is that of a plastic solid. The direction 
of least resistance is toward the surface of the earth. The direction 
of mean resistance is at right angles to the minor thrust and parallel 
to the surface. Consequent upon the flow, the mineral particles, new 
and old, at any particular point arrange themselves with their longer
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axes m the plane of these directions. This plane is vertical, or nearly 
so, and almost at right angles to the major thrust. Therefore, in 
approximately homogeneous rocks cleavage is frequently vertical or 
highly inclined, and hence intersects the bedding. This may be called 
cros's cleavage.

But supposing the lateral thrust to vary greatly in depth, and con­ 
sidering that friction increases with depth, the movement may vary, as 
explained above, from upwaid plastic flow to differential movement m 
a horizontal direction. In this change we have passed from a puie 
shortening to a simple shearing. The cleavage would be nearly par­ 
allel to the bedding, and it may be called parallel cleavage. In the 
case of parallel shear the cleavage would accord in its principle of 
development with that of parallel cleavage in heterogeneous rocks, 
subsequently described.

These extreme cases rarely occur. Almost invariably there is a com­ 
bination of pure shortening with shearing motion. The combination is 
oidmarily such as to give steeply inclined cleavage cutting the becl- 
diiig, and therefore a cross cleavage. There are, however, undoubted 
gradations between cross cleavage and parallel cleavage. In all cases 
in nature the final resultant or direction of movement depends upon 
a union of all the forces concerned.

DEVELOPMENT OF FISSILITY IN HOMOGENEOUS ROCKS

If a rock be in such a position and under such conditions that it is 
deformed by regular fractures, it is probable that the secondary struc­ 
tures form in the shearing planes. Just as in the case of cleavage, at 
any place in a rock mass the three principal stresses are usually unequal. 
In the zone of fracture if the differential stress surpasses the ultimate 
strength of the rock, fracture occurs along the two sets of shearing 
planes which incline toward the greatest stress and are parallel to 
the minimum stress. The maximum shearing stresses in the case of 
normal pressure are 45° from the greatest pressure and are at right 
angles to each other, bnt Hoskms shows (see Appendix) that the 
fractures may incline at a smaller angle than this to the direction of 
greatest pressure, the latter bisecting the acnte angle made by the inter­ 
secting ruptures. It is only in case the two lesser stresses are equal, or 
nearly so, that concoidal fractures are produced, such as occur in ordi­ 
nary bmlding-stone tests of cubes (fig. 126). In this experiment there 
is one direction of great stress and two directions at right angles to 
this of very subordinate equal stress.

Hence, in the zone of fracture, where the differential stress sur­ 
passes the ultimate strength of the rock, there may be produced a 
fissility in two sets of intersecting planes equally inclined to the 
greatest pressure. It is well known that a fissility iu two directions 
occurs in many homogeneous rocks, and such structures have doubtless 
developed along the shearing planes under this law.
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Ill case the direction of greatest normal pressure is nearly hori­ 
zontal, the planes of fissility would be at angles of about 45° with the 
horizon. However, as no rocks are strictly homogeneous, and as the 
direction of greatest normal force is always compounded of thrust and 
gravity, the directions of the shearing may vary considerably.

In case the parting is very close, the rock is foliated. Each lamina 
moves slightly over the adjacent laminje. The rubbing of the laminae 
over one another, due to the differential movement, gives the slickeu- 
sided surfaces which are so common on both sides of the parted

laminse. The more intense 
the movement, the thinner 
and more brilliant do the 
folia become. Since the part­ 
ings are usually inclined to 
the bedding, this structure 
may be called cross fissility. 

In passing from the zone 
of fracture to the zone of 
flow it is to be expected 
that all gradations would be 
found between the develop­ 
ment of cleavage in the nor­ 
mal planes and the develop­ 
ment of fissility in the shear­ 
ing planes. This point is 
discussed later. (See p. 654.) 

Frequently fissility forms 
in lithologically homoge­ 
neous rocks in which the 
property of cleavage had 
already been developed, and 
which by subsequent denu­ 
dation are brought so near 
the surface that the super­ 
incumbent weight is less 
than the strength of the 
rocks. When subjected to 

stress under these circumstances numerous fractures develop along the 
cleavage planes. This occurs because fractures take place so readily 
along these planes, and because the chances are always that there are 
shearing planes, although they may not be those of maximum stress.

This may be the case although the direction and force of thrust may 
not have varied. The direction of greatest normal pressure, combined 
of gravity and thrust,, would be in a different direction when the rocks 
are in the deep-seated zone of flowage and when they are in the super­ 
ficial zone of fracture. Thus, cleavage in the normal planes would pass 
into the shearing planes as denudation progressed.

^10.126. Experimental production of fractures along the 
shearing planes. After Daubree.
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In cases in which, the fissility develops along a prior cleavage,, the 
flssility parallel to these planes would be marked. The fracturing 
along the other set of diagonal shearing planes, not having the advan­ 
tage" of a previous cleavage, would be much less marked, the deforma­ 
tion perhaps largely occurring by considerable movements along a few 
planes of shearing. In this case the infrequent cracks may properly be 
called joints. In the planes of flssility secondary to cleavage the folia 
slip over one another just as in the case of originally developed fissility 
independent of cleavage, producing slickensided surfaces, and the rock 
develops a "fault slip" cleavage or "ausweichungs" cleavage (see figs. 
90 and 91, Dale, in previous paper, pp. 563, 564). In the majority of 
cases in which the fissile laminae are close together and have a uniform 
direction for a considerable area, it is probable that the structure first 
developed as true cleavage in the normal planes, and that a later 
movement, when the rock was nearer the surface, developed the frac­ 
tures along the shearing planes. The structure is thus a product of 
the forces producing cleavage and those producing fissility working 
successively under different conditions.

As will be seen below, fissility may form in a manner similar to its 
development parallel to cleavage or parallel to planes of weakness of 
any other kind, as, for instance, bedding.

The directions of the fissility are therefore dependent upon the 
direction of the forces, upon whether they are equal or unequal, upon 
the superincumbent load and the consequent friction, upon the cleavage 
and other previous structures, and upon previous folding.

If fissility develop along cleavage, as this structure is usually steeply 
inclined, the fissility will be in the same direction. That great thrust 
faults sometimes develop with nearly horizontal hades, or even parallel 
to bedding, is well known. Multiple minor thrust faults or fault slips 
producing fissility may similarly develop with flat hades, upon the same 
principles as cleavage in a like direction, and thus produce a fissility 
nearly or quite horizontal, or parallel to bedding. It is therefore clear 
that the structure may vary from a vertical to a horizontal attitude. 
There are therefore all gradations between cross fissility and parallel 
fissility, subsequently described (pp. 651-654; fig. 133), just as between 
cross cleavage and parallel cleavage. In the case of parallel fissility 
the movement may be compared to the differential movements of a 
ream of paper which under load is pushed unequally forward from one 
end, the differential movement between any t\\ o successive sheets being 
the same. While the bottom sheet may be shoved one-tenth of an inch, 
the top sheets may be shoved 10 inches (figs. VM and 128). Between 
the bottom and tlie top the amount of forward movement would vary 
regularly from one-tenth of an inch to 10 inches. While the differential 
movement between any two sheets is the same, each sheet gains all 
the forward movement of all the sheets below.

Where fissility develops, either as an original or secondary structure, 
rubbing usually occurs between the mineral particles along the sides of
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the laminse. As a result, the minerals receive an elongation in the 
direction of greatest movement, a less elongation in the direction at 
right angles to this and in the plane of movement, but are contracted 
at right angles to the plaue of movement. Also new minerals which 
develop are controlled in the same manner. If the fissility be second-

Tios. 127 and 128. Theoretical deformation of laminated rock by uniform differential movements par­ 
allel to a previous structure.

ary to cleavage, the minerals were previously oriented with their two 
longer axes in the plane of differential movement, and the slipping of 
fissility but emphasizes an arrangement of the mineral particles which 
already existed.

DEVELOPMENT OF CLEAVAGE AND FISSILITY IN HETEROGENE­ 
OUS ROCKS.

When a set of layers, either sedimentary or not, of different litho- 
logical character are folded, and cleavage or fissility develops in them, 
the process is not simple.

As the case of alternating sediments is the most important one, and 
somewhat different from any other, this will be first considered.

The original series, instead of being homogeneous, is composed of beds 
of different characters; that is, it consists of alternations of mud, grit, 
sandstone, limestone, etc. Before these rocks are folded the forces of 
consolidation, cementation, and metasomatism may have been at work. 
As a result of these prior alterations, combined with original deposition, 
the strata may have greatly varying strength. The sandstones may 
have been transformed to quartzites; the grits may have been changed 
to graywackes; the muds may have been compacted into shales; and 
the limestones may have become crystalline.
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When such a series is folded the accommodations occur mainly along 
the beds (figs. 118 and 110). The greatest readjustments and greatest 
compression are along the limbs of the folds (see pp. 598-000, and fig. 
103&). Bach layer shears over the one next below under enormous 
stress. The necessary movement at flist is largely concentrated in the 
weak layers between the beds of stronger material (fig. 133). The 
shearing extends from these into the harder ones, for when motion has 
once begun along a certain set of planes, that very movement weakens 
the rocks along these planes and makes it easy for the forces applied 
in any direction to be decomposed into forces producing further move­ 
ment along the same planes.

The maximum force producing shear is composed of horizontal 
thrust and gravity, and its direction will therefore usually be inclined 
to any layer in a horizontal position, although if gravity is unimportant 
as compared with thrnst this inclination may be slight. When the 
layers become tilted this inclination is marked, although the problem 
becomes more complicated on account of the strength of the individual 
beds. These tend to decompose the forces which they receive at one 
point into components parallel and normal to themselves, and transmit 
the longitudinal thrust to another point. Upon the limbs of the folds 
the beds are, however, never free from superincumbent weight, and the 
rigidity of the overlying beds must also be often overcome. Therefore, 
in nearly all cases of heterogeneous rocks the direction of greatest 
normal stress is inclined to each layer. There are two classes of cases  
those in which the rock bed is in the zone of flowage, and those in which 
the rock bed is in the zone of fracture. The first afford conditions for 
the development of cleavage; the second, those for the development of 
flssibty. Between the two there may be gradations.

DEVELOPMENT OF CLEAVAGE IN HETEROGENEOUS BOCKS.

For a given very small area in a stratum the cleavage may vaiy from 
parallel to perpendicular to the bedding. If at any moment the direc­ 
tion of greatest normal pressure is in the direction of bedding, the sec­ 
ondary structure will tend to develop at right angles to the bedding. 
If, on the other hand, the direction of greatest pressure is at right 
angles to bedding, the cleavage will tend to develop nearly parallel 
to the bedding. Between these two there will be all gradations. For 
different beds and for different areas in the same bed the direction 
of greatest pressure will, at successive times, vary both relatively 
and absolutely, and therefore the cleavage developing in the normal 
planes at auy given momeut will gradually vary in direction. For a 
small, practically homogeneous area the final resultant will be the same 
as in homogeneous rocks (p. 638) that is, the cleavage will be perpen­ 
dicular to the direction of greatest final shortening-.

Having made this general statement, let us inquire more particularly 
how the forces producing cleavage act in heterogeneous rocks.
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As a result of the folding, combined with denudation, the relative 
amounts of thrust and gravity vary at different times, so that the aver­ 
age direction of greatest normal pressure for a given area also varies. 
On account of the differing strength of the beds the forces received by 
them are decomposed to a greater or lesser degree into directions 
parallel and normal to themselves, and thus the direction of greatest 
pressure is varied at each particular point. During the folding process 
the inclination of the beds is constantly changing, and as a conse­ 
quence any given small area is being rotated with reference to the 
direction of greatest pressure. The problem is further complicated by 
the readjustment between the beds, which constantly changes the rela­ 
tive position of the material with reference to the pressure. Lastly, 
the readjustment usually takes place mainly within the weaker layers, 
and this changes by a varying amount the relative positions of differ­ 
ent parts of the beds with reference to the greatest pressure. At any 
given point there will be a plane in which are the major and mean 
axes of the mineral particles, and this will be the plane of cleavage. 
It is evident that this plane will vary in position from place to place. 
These conclusions follow from Professor Hoskins's discussion on strain 
and stress (see Appendix), for all of the different compressions, acting 
in different directions at different times, are equivalent to some single 
compression acting continuously in one direction, and the shearing 
motion of differential movement is equivalent to a compression com­ 
bined with a rotation.

Very frequently the position of the cleavage with reference to the 
bedding for a given small area will be controlled by the readjustment 
between the beds. As shown by Professor Hoskins's discussion on 
cleavage (see Appendix), the structure will tend at any moment to 
develop in the normal planes, but as a consequence of the shearing the 
material is rotated so that the final direction of cleavage is inclined to 
the direction of greatest pressure (figs. 167,168). Since the readjust­ 
ment is mainly concentrated within the weaker layers, the structure may 
be so rotated m them as to approach parallelism with the beds, while 
in the adjacent beds, in which there is less differential movement, the 
structure may be nearly at right angles to the beds; and at various posi­ 
tions between the cleavage will have intermediate directions. There 
will thus be developed a cross cleavage in the more resistant beds, which 
varies by a gentle curve into parallel cleavage in the weaker beds. On 
opposite sides of the layer the curves are in opposite directions (fig. 
131). By these curves it is easy to determine the relative directions of 
the movements of the layers.

Directly following from the above we have the explanation of the 
step cleavage 1 of the older authors and of Becker,2 and of the differ-

1 On Slaty Cleavage and Allied Book Structures, with Special Reference to the Mechanical Theories 
of their Ongin, Alfred Harker, Brit Assoc Adv Sci , 55th meeting, 1885, Proceedings, pp 829-830

*Fimte Homogeneous Strain, Tlcw, and Kupture of Eocks, (ieorge F .Becker, Bull &nol Soc Am., 
Vol IV, pp 84-87
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ential cleavage of Dale. In this case the change in the direction of 
cleavage, instead of being gradual, as it is in rocks of gradually vary­ 
ing plasticity, is somewhat sudden 111 passing from one bed to another 
differing in rigidity. As a result of the shearing motion the cleavage 
is rotated more 111 the more plastic layers and less in the less plastic 
layers. Hence, in heterogeneous rocks having cleavage, in a soft layer the 
cleavage more nearly accords with bedding than it does in a hard layer. 
(See fig. 87 in previous paper, by Dale, p. 561.)

To summarize: We have the absolute direction of greatest pressure 
varying; as a consequence of the difference iu the strength of the beds 
we have the direction of greatest pressure varying from place to place; 
we have the material of any given area on the limbs of folds rotated 
with reference to the direction of greatest pressure; and, finally, we 
have variable differential motion between the beds, which would 
momentarily change the direction of the area with reference to the 
pressure. However, as shown by Professor Hoskins's discussion, these 
all combine to produce at any given point a shortening of the particles in 
one direction and an elongation in one or both directions at right angles 
to this. Eewly developed mineral particles have similar orientations. 
At any point perpendicular to the final position of the shortest axes of 
the mineral particles there will be the property of cleavage. As the 
differential movement at any given place is parallel to the dip, the 
longest axes of the mineral particles will be in the plane of cleavage 
and in the direction of dip. The mean axes of the mineral particles 
will be in the same plane but in the direction of the strike of the 
cleavage.

If before the folding a cleavage had already developed parallel to 
the bedding by deep-seated metasomatic change or by flattening par­ 
allel to the bedding below the level of no lateral stress, as subsequently 
suggested (pp. 661-662), this would modify the direction of the sec­ 
ondary structure, making it more nearly parallel to the bedding than 
it would otherwise be.

In areas of symmetrical or gently inclined folds and in homogeneous 
rocks the shortening is approximately in the line of the horizon and 
the cleavage therefore steeply inclined. In heterogeneous rocks the 
differential movement between the layers, as has been pointed out 
(p. 598), is ordinarily upward for a higher stratum as compared with the 
one next below it. In the case of abnormal folds (see p. 617) this differ­ 
ential movement is emphasized. Consequent upon the differential move­ 
ment upon the limbs of the fold in weak beds where the shearing motion 
is largely concentrated, the cleavage is locally flatter thau in homo­ 
geneous) rocks. Whether the rocks are homogeneous or heterogeneous 
the rotation will be in opposite directions on opposite sides of anticlinal 
arches or synclinal troughs, being outward for an anticline and inward 
for a syncline; therefore on opposite limbs of a fold the cleavage usually 
dips in opposite directions. Upo n opposite sides of an anticline the cleavage
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usually diverges downward, and on opposite sides of a syncline it usually 
converges downward.

Ordinarily the rotation of shearing will not go far enough to bring the 
cleavage into correspondence with bedding, and therefore its dip will 
be steeper than the dip of the strata; hence, on opposite sides of a fold 
the variation in the dip of cleavage is less than the variation in the dip of 
bedding. However, in the case of much-compressed normal composite 
folds (figs. Ill and 114) the force of gravity and unequal thrust control 
the direction of the moving force, and consequently the form of the sec­ 
ondary folds. In this case the cleavage may be rotated from its ordi­ 
nary position, and upon opposite sides of the aiiticliiiorium the cleavage 
may converge downward and upon opposite sides of the synclinorium 
may diverge downward. This applies as well to the central fan folds 
as to the minor folds on the flanks (fig. 112).

It has been pointed out (p. 624) in the case of much-inclined or 
overturned folds, that the resultant differential movement or shear­ 
ing between the strata on the steeply inclined or overturned limb 
may be down for a geologically superior stratum as compared with an 
inferior stratum. It follows that the shearing on both limbs of the 
fold is in the same direction, and therefore that in regions of over­ 
turned monoclinal folds the cleavage may be rotated in the same direction 
throughout, and will hence be monoclinal (fig. 134). Since on monoclinal 
folds the differential movement is great on the longer and natter limb 
of the fold, the cleavage may be rotated so as to be almost parallel to 
bedding, but usually is somewhat steeper. As the resultant differential 
movement is comparatively slight on the steeper, shorter limb, the 
cleavage usually cuts across the bedding at a considerable angle and 
is steeper in reference to the horizon. On the opposite limbs of mono­ 
clmal fan-shaped anticlines the cleavage may be nearly parallel, or may 
even converge downward, and on the opposite limbs of monocliual fan- 
shaped synchnes the cleavage may be nearly parallel, or even diverge 
downward.

This contrast with symmetrical folds is due to the continuous rotation 
in the same direction of the cleavage along the arch limb of the fold com­ 
bined with the rotation in the reversed limb, first opposite to and after­ 
ward in the same direction as that on the arch limb. As in the case of 
symmetrical folds, the variation in dip of cleavage is less than the varia­ 
tion in the dip of bedding. In districts in which cleavage and bedding 
have the relations above described, on the longer arch limbs it is often 
difficult to discriminate between the two, but it is believed that the 
cleavage is usually slightly steeper than the bedding, as already 
explained. On the steep or reversed limbs the minor creuulatious of 
the strata are usually easily detected intersecting the cleavage.

When rocks are openly folded the discrepancy between cleavage and 
bedding is usually great. As the folding becomes closer the average 
discrepancy becomes less. If the compression goes so far as to form 
isoclinal folds the bedding and cleavage may nearly correspond upon
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the limbs of the folds, but the two will be at right angles to each other 
upon the crests of anticlines and in the troughs of syncliries (fig. 133). 
When the compression is so great as to form plicated folds, the changes 
in the direction of bedding being very sharp, the discrepancy between 
bedding and cleavage will be slight. However, the discrepancy is real 
and important. The cleavage in this case may be about parallel to the 
axial planes of the folds, and will cut the beds at a very acute angle. In 
many districts where cleavage has been described as everywhere accord­ 
ing with bedding, and the two do approximate but not exactly accord 
in direction upon the limbs of the folds, a close examination shows that 
on the crests of the anticlines and in the troughs of the synclines the 
two structures intersect each other.

At the beginning of the process it may be noted that the shortening 
is at right angles to the bedding. At the end of the process the short­ 
ening is parallel to the bedding. Thus the work first done is partly 
undone. The resultant position of the shorter axes of the mineral par­ 
ticles in reference to the bed is intermediate between the two extremes.

DEVELOPMENT OF FISSILITY IN HETEKOGENEOTTS BOOKS.

The development of fissility in heterogeneous rock beds is still more 
complicated. The directions of the forces are exactly the same as with 
cleavage, but as fissility develops
along the shearing planes, in the n,w b 
simplest case this structure forms 
in two general directions. In sim­ 
ple folding, as there is differential 
movement between the layers, the 
deformation of a portion of a 
given layer is that of a rectangle 
(fig. 129, abed) into a parallelo­ 
gram (fig. 130, efgh). If 
the layer were exactly 
homogeneous and the 
pressure normal, the 
secondary structures 
would be nearly at right 
angles to each other 
and at anangleof about 
45° to the greatest pres­ 
sure. According to 
Becker, in the case of 
inclined pressure the 
structures would have 
different positions, but
they still wouldbe planes. Theseconditionsaremost nearly approached 
in the center of a bed which at this place is massive. However, in pass-

130.

FIGS. 129 and 130. Diagram showing development of fissility 
along the longer and shorter diagonals of a deformed portion 
of a rock stratum.

In the center of stratum the fractures are in the planes of 
greatest shearing, but on the outside of the layer the fractures 
are in lesser shearing planes, the direction of fracture being con­ 
trolled to some extent by "bedding.
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ing from the center to the weaker, outer part, the original bedding may 
largely control the direction of parting, the partings occurring near the 
planes of bedding rather than in those of greatest tangential stress (fig. 
131). The result is that the planes of fissility may change from their 
diagonal position in the center of the layer, where it is most rigid, to 
nearly parallel to the bedding on the outer parts, where it is least rigid. 

The diagonal ad (fig. 1'29) is shortened to eh (fig. 130); therefore the 
fissility along the diagonal gf is formed under conditions of compres­ 
sion. This results in producing many approximately parallel planes 
of fissility. No sooner does a parting form than the laminae are sheared 
over one another, thus producing slickensided surfaces. Across this 
structure along the longer diagonal, in the plane of the shorter diago­ 
nal, there is actual stretching of the layers. The length of the original 
diagonal cb is increased to gf. Parallel cracks are therefore produced 
in this direction. As a crack once formed easily widens, the result is

the production of a few cracks 
of considerable size. The 
broken parts do not rub over 
one another, and hence do not 
produce slickensided surfaces. 
These peculiarities frequently 
lead to oversight of the shear­ 
ing along the planes of the 
shorter diagonal. The .devel­ 
opment of the cracks along the 
shorter diagonal are strictly 
analogous to the upward-point­ 
ing crevasses of a glacier.

The planes of fissility near 
the border of the beds, where 

the rigidity is less, perhaps originally developed diagonally, may be 
rotated to a nearly parallel position. This rotation may change the direc­ 
tion of the planes of fissility either in the compressed or the stretched 
diagonal. The cross fissility will grade into parallel fissility by a gentle 
curve. On opposite sides of a layer the curves are in opposite direc­ 
tions, just as in the case of cleavage, and by these curves it is easy to 
determine the relative direction of movement of the layers (fig. 131),

This rotation is explained by fig. 132, which is supposed to represent 
a bed of rock made up of thirteen layers differing in rigidity. In pass­ 
ing from the outside of the bed to the center the coefiicient of rigidity 
of each layer is supposed to be twice as great as that of the one next 
adjacent. The greatest stress is supposed to be the same throughont 
the bed, and in an inclined direction, and, as shown (pp. 647-648), these 
conditions may be approximately complied with upon the limbs of folds. 
When the differential stress exceeds the ultimate strength of the rock, 
parallel fractures along shearing planes will be formed. The fracturing

FIG. 131. Parallel flssillty and cross fissility in hetero­ 
geneous rook strata.
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will continue until the stress falls below the ultimate strength of the 
rock. The differential stress may still surpass the elastic limit of 
the rock,, or if not, it may again accumulate until the elastic limit 
is exceeded. Flowage will then begin. On account 
of the varying rigidity the two layers adjacent to the 
center will have a certain amount of differential 
movement, which may be called 1. The layers next 
to them toward the outside will have a movement 
which would be represented by 2; those next to them, 
4; those next to them, 8; and the outside layers a 
movement of 16. Now, connecting similar points in 
the different layers, a curve is produced which corre­ 
sponds very nearly in form to those which have been 
observed in nature. The structure produced in the 
diagonal direction, in the centers of the layers, has 
been rotated to the position indicated. In different 
rocks the variation of the coefficient of rigidity would 
be different from that supposed, and it would un­ 
doubtedly vary irregularly instead of regularly. A 
more accurate discussion wonld consider each of the 
layers as indefinitely thin, and the coefficient of 
rigidity in passing toward the center of the bed as 
increasing by a minute increment. If different 
numerical suppositions be made, curves would be 
produced differing from those represented by the 
fignre, but the same in essential character.1

A third way in which the curved fissility above 
described may be produced is as a structure sec­ 
ondary to cleavage. That cleavage can be pro­ 
duced having the same curves and relations to bed­ 
ding as just described for fissility has already been 
shown (pp. 647-649). Such previously developed 
cleavage would give parallel curved surfaces of weak­ 
ness. When the rock passejl into the zone of fracture 
fissility would develop along these shearing planes 
whether they were those of maximum tangential 
stress or not.

The above phenomena (probably secondary to cleav­ 
age) are finely illustrated in the quartzites of the 
North Range of Baraboo, Wisconsin (figs. 150-152), 
and in the massive graywackes of the Ocoee series 
on the Hiwassee River, Tennessee, combined with 
cross and parallel secondary structures, as shown by 
fig. 131. It is possible that in the cases of both

1 Compare Geology of the Comstock Lode and the Washoe District, by Geo. F. Becker, Mon. U. S. 
Geol. Surv., Vol. Ill, pp. 156-178, 1882.
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cleavage and flssility as the folding becomes closer and closer the zones 
of much shearing may extend farther and farther into the rigid beds, 
producing secondary structures nearly parallel to bedding throughout 
the Imibs of the folds. If the thrust be so powerful as to give the 
layers isoclinal dips, the secondary structures and bedding will be 
developed or rotated so as to be nearly parallel throughout the rock 
ma ss,. except at the sharp turns on the crests of the anticlines and in 
the troughs of the synclmes, just as in the case of normal plastic flow 
in homogeneous rocks. (See p. 643.)

RELATIONS OF CLEAVAGE AND FISSILITY TO EACH OTHER. 

GBADATION BETWEEN CLEAVAGE AND FISSILITY.

In passing downward from the zone of fracture to the zone of flow- 
age, one would naturally expect to find all gradations between fissility 
in two directions developed in the maximum shearing planes and cleav­ 
age in a single direction developed in the normal planes. To this 
natural expectation the phenomena seem to correspond. Rocks are 
found having two planes of fissility intersecting nearly at 90°; others 
which intersect each other somewhat more acutely, so that the lock 
breaks up into forms having rhombic or rhomboidal sections; others 
in which the rhombs or rhomboids have their axes very long in one 
direction as compared with those in the other; and others m which the 
two directions are so nearly parallel that they are not separated, except 
by close observation.

According to Becker 1 and Hoskins,2 somewhat inclined intersecting 
structures may be explained as original developments, but the former 
places the direction of greatest pressure in the obtuse angle, while the 
latter, basing his conclusion on experiments, places it in the acute angle 
made by the two structures. The phenomena may be partly explained 
by supposing that after the two diagonal structures developed in the 
shearing planes, the pressure continuing to be applied with a force 
between the elastic limit and ultimate strength of the rock, there was a 
rotation of the two sets into approximate parallelism, just as there is 
when a net with rectangular meshes is pulled out until the intersecting 
lines are almost parallel. Professor Hoskius offers another explanation 
of this transition, as follows (see Fissility in Appendix): In an early 
stage of the development there may have been flowage of the rock suf­ 
ficient to produce a more or less perfect cleavage. The rock, as a result 
of more rapid deformation or of erosion, may then pass to the zone of 
fracture. If the stresses remain in the same direction the fractures 
would not take place along planes of greatest shearing stress, but tend 
to approach the planes of flattening. In proportion as a previous

'Finite Homogeneous Strain, Flow, and Rupture of Rocks, by George F Becker, Bull Geol. Soc 
Am , Vol IV, 1893, p 50

aFIow and Fracture of Hocks as related to Structure, L M Hoskins, part on Fiosility, in Appendix 
to this report.
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cleavage was prominent, a secondary intersecting flssility in two direc­ 
tions might very nearly approximate in position with the cleavage. 
Doubtless in many cases the different causes above given combined to 
produce acutely intersecting flssility.

FISSILITY SECONDARY TO CLEAVAGE.

For any given layer in a horizontal position in the zone in which 
nssihty is developed, it is probable that horizontal thrust is great 111 
proportion to gravity. If gravity weie wholly neglected the greatest 
shearing stress would be at 45°-to the bedding. In the zone in which 
cleavage is developed it is probable that gravity is very important as 
compared with tangential thrust. If these are supposed to be equal, 
the direction of greatest normal pressure would be inclined at 45° to 
the bedding, and the cleavage planes at right angles to this would also be 
equally inclined to the bedding, but in an opposite direction It there­ 
fore follows that flssility developing in heterogeneous rocks in the shear­ 
ing planes and cleavage developing in rocks of the same character in 
normal planes may have like directions with reference to the bedding. 
If cleavage be developed m the normal plaues inclined to the bedding, 
and by denudation this stratum passes to the zone of fracture, as a 
consequence of the lessening power of gravity, these normal planes are 
now shearing planes, and flssility is controlled in direction by the pre­ 
vious cleavage structure. It thus becomes evident that it may be 
exceedingly difficult, if not impossible, to discriminate between original 
flssility in the shearing planes and a secondary fissility which has been. 
controlled by cleavage. In other cases, as-well as these special ones, 
it is to be expected that a rock m which cleavage has developed under 
deep-seated conditions would be ruptured before reaching the surface 
during the long time it is in the zone of fracture. To this expectation 
the facts correspond. In all regions with which I am acquainted having 
well-developed cleavage, flssility is also found to a greater or lesser 
degree. Usually the flssility is more marked here and less marked 
there, for where a fracture or set of fractures has been formed, there 
it is easier for further movement to occur. Hence belts of strongly fissile 
rock are separated by others in which there is but slight flssility (see 
Dale's fig. 90, in previous paper, p. 563). In general, however, frac­ 
tures along shearing planes occur near together or wide apart within all 
rock masses showing cleavage. To this the confusion of the two struc­ 
tures is doubtless largely due. It may be that the use of the term 
"flssility" should be restricted to a structure developing secondary to 
cleavage or to bedding, and that original fractures, developing along 
shearing planes, independent of any previous structure, should be 
called joints. However this may be, it appears probable that where a 
rock is broken into very thin lammse in a uniform direction for a con­ 
siderable area, the secondary structure originally developed as true 
cleavage in the normal planes. I therefore conclude that fissility



656 PRINCIPLES OP NORTH AMERICAN PRE-CAMBRIAN GEOLOGY

developing in the shearing planes is usually secondary to cleavage which 
developed in the normal planes.

CLEAVAGE AND FISSILITY MAY DEVELOP AT THE SAME DEPTH.

It is clear that in heterogeneous rocks cleavage and fissility may 
develop in beds of different character at the same depth, for weak beds 
may be in the zone of flowage at the same depth at which strong beds 
are in the zone of fracture. For instance, the fine-grained argillaceous 
beds within a formation may develop cleavage, while the coarser- 
grained siliceous beds may develop fissility. Thus may be explained 
some of the cases of change in direction of the secondary structures in 
passing from one to the other. Also, a bed under a certain weight may 
be in the zone of fracture if rapidly deformed, and in the zone of flow- 
age if slowly deformed. As has been seen under the subject of defor­ 
mation (p. 602), the middle zone of combined flowage and fracture is 
probably 5.000 meters thick, and it may be thicker, and throughout 
this zone either cleavage or tissility may be formed. It is only in the 
zone of fracture that fissility alone can form, and only in the deep- 
seated zone of flowage that cleavage alone can form.  

RELATIONS OF CLEAVAGE 'AND FISSILITY TO OTHER 
STRUCTURES.

RELATIONS OF CLEAVAGE AND FISSILITY TO BEDDING.

Where a rock series is composed of layers of different lithological 
character, and is in the zone of combined fracture and flowage, the 
deformation includes the development both of cleavage by normal 
plastic flow and of fissility in the planes of shearing, in both homoge­ 
neous and heterogeneous rocks, and perhaps of all gradations between 
the two. The beds in the heterogeneous rock may be each approxi­ 
mately homogeneous. There is necessary rearrangement within the 
beds as well as readjustment between them. Therefore the rearrange­ 
ment within the beds, in so far as it is not affected by the readjustment 
between the beds, will tend to produce cross cleavage and cross fissihty, 
while the readjustment between the beds will mamly be by parallel 
slipping, and will tend to produce parallel cleavage and parallel fissihty 
(fig. 131).

In passing from the limbs of the folds toward the crests or troughs, 
parallel readjustment becomes less and less important, and normal 
plastic flow or fracture along the shearing planes becomes more and more 
important. At the arches and troughs the thrusts for a given bed are 
approximately equal, in opposite directions, and when deeply enough 
buried its entire thickness is nnder compression. The direction of 
least resistance is vertical. Therefore the conditions which here pre­ 
vail are those of the formation of cross cleavage and cross fissility. 
It follows that in heterogeneous rock strata, parallel structures may pre­ 
vail on the limbs of the fold, and cross structures on the crests and in the 
trongbs. At intervening places may be found all the complex effects
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of the interaction of the two (fig. 133). In many cases where there is 
almost perfect accordance of primary and secondary structures on the 
limbs, and the rocks are so crystalline that the two can not readily be 
discriminated, at the crests and troughs both structures may readily be 
seen intersecting each other. 

Formations are but divi­ 
sions of rock masses greater 
than beds which are rouglily 
homogeneous. In each forma­ 
tion, considered as a whole, 
cross secondary structures will 
usually be produced, while at 
the contacts between the for­ 
mations, wheremajor readjust­ 
ment is sure to occur, nearly 
parallel structures may be 
found. In the discussion of 
each separately it has been 
seen that in the cases of ex­ 
treme folding the relations be­ 
tween the different secondary 
structures and bedding are 
nearly the same, and therefore 
that cleavage and flssility de­ 
veloped under each of the laws 
will merge together, and both 
be approximately parallel to 
the reduplicated beds. They 
are all brought into nearly 
parallel positions, just as are 
pebbles in the folding process.. 
In order that this should be 
done, it is plain that there must 
be such extreme rearrange­ 
ment of the rock material that 
it could not inaptly be com-

FIG. 133. Parallel fissility on the limbs of the folds 
and cross tissility on the anticlines, and gradations 
between the two. After Heim.

The deformation is mainly by folding, but on the an­ 
ticlines, where the material is partly relieved from 
stress, the deformation is partly by the multiple 
minor slips of flssility.

pared with kneading.
In rock masses in which the 

alternating layers of different 
strength are not beds, the 
principles of the development 
of cleavage and flssili ty are the 
same as in the heterogeneous bedded rocks. The different layers may 
be due to secondary structures. They may be due to the flowage of 
igneous material along primary or secondary planes of weakness, or to 
secondary water-deposited impregnations along such planes. They may 

1C GEOL, PT 1  42
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be due to heterogeneous injections. In all of these cases, as in any other, 
the stronger beds will to a certain extent control the movements. The 
accommodations will occur along" the layers when folded, and there will be 
a tendency for cleavnge and fissihty to develop parallel to them (PI. CX.)

The more unequal the layers in thickness and strength, the more 
likely is the major accommodation to take place parallel to them, and 
thus produce cleavage and fissihty which nearly accord with them. 
In proportion as the rocks approach massive ones, the law of cross 
structures prevails, but in a minor way readjustments along the laniimc 
may occur, and these lamina; still retain their integrity. Tu rocks as 
they.occur in the field both tendencies'are always present 111 all the 
parts, from the minute lamimt; to the largest masses. Sometimes the 
first is predominant, sometimes the second. If the lamination is not 
strongly marked the first tendency will control, although the lesser 
layers or laminit; of unequal strength may in a minor way control the 
movements (PI. OX).

Ordinary shale is a representative of rocks having- minute layers 
of slightly different strength. Usually the average of the cleavage or 
fissihty distinctly cuts the beds. The material yields to thrust by tlow-

Fio 134   Relations of deavage to bedding in nionoelmal folds

age or fault slips combined with minute puckermgs (fig. 102). If the 
process be continued lar enough the individual layers aie folded upon 
themselves in a large number of parallel folds, nearly at right angles to 
or inclined to their original positions. Therefore, while cleavage does 
nearly correspond with the original beds, the particles have been so much 
deformed and rearranged and the layers have been so far readjusted as 
to make the term bedding scarcely applicable.

As has been seen (p. 000), beds are particularly likely to largely con­ 
trol the direction of cleavage or fissihty if the folds are inonoclinal 
and overturned (fig. 134). In such folds the major diffeiential move­ 
ments aie along the longer limbs. Therefore the cleavage develops in 
a corresponding direction, being nearly parallel to the bedding on one 
limb of each ibid and cutting across the bedding on the other, steeply 
inclined or overturned limb. As the area of outcrop of the steeper 
limbs is much less thau that of the more gently inclined ones, the fact 
that the cleavage cuts the bedding on one side of each fold is very 

'likely to be overlooked. As a result of the greater mashing thus devel­ 
oping cleavage or fissihty the longer limbs of the folds are thinned more 
thau the shorter limbs.
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GNEISS, WITH STRONGLY DEVELOPED CLEAVAGE, SHOWING MINOR PLICATIONS OF QUARTZ LAMIN>£, THE DIFFERENTIAL SHEARING MOVEMENTS WHICH THE ROCK HAS UNDER­ 

GONE, COMBINED, HOWEVER. WITH VISCOUS FLOW UNDER COMPRESSION. 

The quartz lammee show thinning on the limbs of the folds and thickening at the anticlines and synchnes.
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If for any cause cleavage be parallel to the bedding planes, as these 
are apt to be shearing planes in the zone of fractme, the predominant 
fishihty would be likely to be parallel to the bedding. The other direc­ 
tion of fissility would'be transverse to the bedding, and might have a 
wider spacing. The first might be called fissihty and the second 
joints.

In another case, after a cross cleavage has developed and the rocks 
have passed into the zone of fracture, the stiesscs may result in the 
development of fissility along two sets of shearing planes, one of them 
bemg controlled in direction by the cleavage, the other by the bedding. 
The, more regular parting, parallel to the cleavage, might be called 
tissihty, and the less regular parting, parallel to the bedding, might 
be called either fissility or joints, depending upon its closeness. 
Whether the intersecting planes of fissility are at right angles to 
e:ich other would depend upon the inclination of the cleavage and the 
bedding.

In regions of complex folding it is difficult to make accurate general 
statements of the relations of cleavage and fissility to bedding. How­ 
ever, as a result of the action of the various forces, a bed has a definite 
strike and dip, and the cleavage and fissility have definite relations 
to these. As there are rapid variations in strike and dip in regions of 
complex folding, it is to be expected that there will be variations in 
the directions and character of cleavage and fissility. Certain of the 
specific relations of bedding and secondary structures in regions of 
complex folding have already been considered (pp. 629-030).

DELATIONS OF CLEAVAGE AND FISSTLITY TO THRUST FAULTS

Between cleavage and fissility developed along the longer limbs of 
folds and thrust faults, which accord in dip with the beds on the longer 
limbs, there is only a difference in the magnitude and frequency of the 
movements.

When fissility or cleavage develops there are many slightly or infini- 
tesnnally separated movements ot small degree. When a thrust fault 
develops there is a single major movement. (See Dale's fig. 95 in pre­ 
vious paper, p. 500.) It is believed that the relief is more likely to be 
by faulting at little depth, and at greater depth is more likely to be by 
the development of cleavage, and often, secondary to it, fissility, or 
more rarely by the development of ftssihty directly. The passage of 
cleavage by gradation into minute overthrust faults is beautifully illus­ 
trated a shoit distance northwest of Blowing Rock, N. 0. Where fis­ 
sility is not developed throughout the rock ma^s it may occur adjacent 
to thrust faults, due to the shearing adjacent to the thrust planes. 
Kock masses deformed by thrust faults and showing fissility adjacent to 
the faults will have zones of fissility which alternate with others in which 
this structure is absent. Where fissility varies in perfection of devel­ 
opment in alternating zones, but is piesent throughout the rock mass
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(see tig. 00, Dale, in previous paper, p 5C3), it implies that the relative 
movements were concentrated to a ceitam extent along definite zones, 
but that movement everywhere occiured. It is plain that shearing devel­ 
oping deaoage and fault slips along planes of fisi>'tlity accomplish the same 
mass deformation as do tin vat faults, only it is averaged throughout the 
rocks instead of being largely concentrated at certain planes.

Diffeiential movements similar to those described in the above para­ 
graph may occur along a lamellar structure m any kind of a rock, 
sedimentary or igneous.

By ditferential movements, such as are above described, enormous 
masses of material may move forward long distances. The top of the 
mass, having the advantage of all the differential movements below, 
will travel the iarthest (figs. 127 and 128). The base will move the least. 
From tins mass at some later time mountains may be carved. As each 
stratum gi iiids over the one below it the former presses against the latter 
with all the weight of the superincumbent material. Under such circum­ 
stances it is no wonder that a coarse-gi allied, massive granite may be 
transformed into an evenly laminated schist. In the zone of fracture 
the schist, developed in the zone of flow, may become fissile, and the 
slickensided, wavy folia may be thinner than paper. It is by folding 
combined \\ith differential movement that the abnormal folds described 
on a preuous page are produced.

The cleavage or fissility so frequently present upon the flanks of 
anticlinal core rocks in great mountain ninges may be explained by 
similar movements. In the section on the analysis of folds it has been 
shown that much leadjustrneut must occur upon the limbs of folds. 
The Hanks of an anticlinal mountain core are such limbs, and hence the 
development of cleavage or tissility parallel to the central massif. In 
passing toward the center of the core \ve approach nearer the crown 
of the anticline, and penetrate to a greater depth; hence less readjust­ 
ment is necessary, and therefore the secondary structures are less 
prominent.

RELATIONS OF CLEAVAGE AND KiSSILITY TO THICKNESS OF STRATA.

Without reference to the origin of secondary structures, or any evi­ 
dence upon this point, bedding and secondary structures are oiteu 
spoken of as corresponding. Even reputable text-books make such 
statements. This confusion is most unfortunate for two reasons- (1) It 
oiteu leads to great overestimates of the thickness of strata, the real 
thickness of the beds being supposed to be the apparent thickness as 
observed across the secoudary structure, where, as shown by the fore­ 
going analysis, the same bed may be repeated many times. (2) The 
mistake is likely to give erroneous ideas of structure. If the primary 
and secondary structures are thought to correspond, the whole breadth 
of a slate or schist may be regarded as a bed of enormous thickness, 
and this will lead to the preparation of sections in which the mass is
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represented as extending' to a great depth, where it may be compara­ 
tively superficial. (Fig. 135.)

The assumption that bedding and secondary structures correspond 
is still less justifiable when no remaining evidence of bedding is found. 
If only cleavage or fissihty be found, and the relations of the beds with 
other beds are not such as to give the direction of stratification, no 
inference in reference to this point should be drawn.

It is apparent that attempts to estimate the real thickness of cleaved 
or fissile beds must take into account two difficulties: (1) The same bed 
may be folded ou itself many times, and these folds must he followed, 
or at least some estimate must 
be made of the thickness of the 
beds which would be present if 
the minute plications could be 
straightened. (2) In the complex 
folding of the beds there is read-

. , i - i FIG. 135. -Closelv plicated sliaJe niHlerlam br bedjustment, mashing, and conse- -' ,. limeatone 
quent lengthening of the layers
upon the, limbs, and they are, therefore, on the average, thinner than 
originally. So far as such thinning occurs, it compensates for the 
reduplication of the beds, but it is believed that this compensation is 
far short of full correction. To fully overcome the difficulties is often 
impossible, and estimates of the thickness of the closely folded, cleaved, 
and fissile beds, even when all the difficulties are wholly understood 
and allowances made, are usually only approximate.

DEVELOPMENT OF CLEAVAGE BY OTHER CAUSES THAN THRUST.

Thus far I have considered cleavage developed in connection with 
and dependent upon orogeuic movements. It is probable that this struc­ 
ture develops in other ways. II may be that deeply buried beds may 
become cleavable with the structure parallel to bedding, where superin­ 
cumbent pressure, cementation, and inetasomatic changes are the pre­ 
dominant forces. Such deep-seated rocks, if below the level of no lateral 
stress, are in the /one of great vertical compressive stress and cir­ 
cumferential tension. They would, therefore, be shortened vertically. 
If under the stress of gravity movement goes far enough, this would 
develop a cleavage parallel to the surface. Such cleavage in sedi­ 
mentary rocks would be parallel cleavage and would emphasize the 
bedded structure originally formed. Just below the level of no lateral 
stress it is probable that the circumferential dilation would be slight, 
but would increase with depth. Whatever its amount, it is a real 
cause so far as it goes.

It is not asserted that rocks in which cleavage may thus develop 
reach the surface by subsequent denudation, but perfectly crystalline 
schistose rocks in which the cleavage corresponds exactly with the 
bedding, and which are but gently folded, suggest that such may have
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been the conditions under which the structure formed, and if the esti­ 
mates given for the depth of the level of no lateral stress, from 2 to 8 
miles, 1 are correct, it is certain that rocks which have been below this 
level in some regions have subsequently reached the surface by denu­ 
dation. It is generally believed that the Laureutian and Adirondack 
aieas are regions of piofound erosion, and here are found excellent 
illustrations of gently folded cleavable schists, the structures of which 
apparently coriespond with original bedding. The above explanation 
may be applicable to these regions. This method of the development 
of cleavage parallel to the surface of the earth below the level of no 
lateral stress is also applicable to igneous rocks.

Laceolitic or bathohtic mtrusives might promote tins process by 
giving great pressure parallel to the bedding and by heating perco­ 
lating -waters, thus rendering them more active. In the Adirondacks 
the cleavage of the schists and the periphery of the batholite of gabbro 
have in some places a parallel arrangement, and the intrusion of the 
igneous rock has probably been one of the causes of the inetamorphisin 
and the parallel relations obtaining between schistosity and bedding. 
Readjustment between the beds, as explained on a previous page, may 
also have assisted in the process.

In a third ease, a great boss of intrusive igneous rock may cause the 
secondary structure to be everywhere parallel to it, without reference 
to the direction of previous structures. This case probably differs but 
little fioin that of direct thrust, but the direction of thrust gradually 
varies through 3W)° m circumscribing the mass, being at all times 
radial. The material pushed aside obeys at each point the law of 
normal plastic flow, just as in ordinary orographic movements. The 
new minerals develop with their shortest diameters in the direction of 
thrust Old minerals are mashed into similar forms in parallel positions. 
The heat of the igneous rocks furnishes hot solutions which help to trans­ 
form the old minerals. As the direction of the thrust varies gradually 
around the intrusive, the secondary structures follow, and therefoie 
form a zone around the mti usive, the layers of which may bo compared 
to those of an onion (see p. 037).

The process may be complete, and old structures, such a-s bedding, 
previous cleavage, or previous fissihty, maybe wholly destrovcd. In 
other cases traces of these structures may still be found. Where the 
earlier structures are wholly obliterated near the intrusive, they may 
appear gradually in passing away from it. Thus in the same rock mass 
several structures may occur. The mica-schists about the intrusive 
granite core of the Black Hills are an excellent illustration of this case.

MODIFICATIONS OF SECONDARY STRUCTURES.

The partings of flssihty may be concentrated here and sparse there. 
(See Dale's fig. 90 in previous paper, p. 563.) In the cracks between the

1 Origin ol Mountain It.mgtS, bj Joseph Le Cerate, Jam of Geol, Vol I, 1S93, pp 506-568 James 
D naiia. Manual ol (leolciijT, 4th uil , 1895, p. 384-5.



V^NHISE] MODIFICATION OF SECONDARY STRUCTURES. 663

lamina) a new mineral or minerals may be deposited from water solu­ 
tions, and the secondaiy zones of greatest fissihty would then have a 
composition different from thatof those which arc le^s fissile. Moreover, 
the parted lammie and the minute layers of infiltrated material may be 
of different composition. This would give a minute alternation of layers 
of different characters. Such a major and minor alternation of different 
materials may simulate the appearance of bedding to a remarkable 
degree. (PI. CXVTI.) If such structures are taken for bedding, mis­ 
takes in structural work will follow.

Where fissihty is developed in an igneous rock secondary impreg­ 
nations may occur between the laminar, just as above described. Thus 
there would be formed a rock with alternating layers of different min­ 
eral character, no part of which is sednnentaiy, and yet which closely 
simulates a sedimeutaiy structure. If either the sedimentary or the 
igneous rock which has become fissile be intruded by igneous materials, 
these might follow the cracks in a minute way, and thus again produce 
a structure which is very similar to bedding.

In the above cases both the process ot water impregnations and that of 
igneous injections tend to cement the lock. If the process be complete 
the crevices of the rock may be entiiely healed. The once fissile rock 
will then have lost its fissility. It may, however, have the property of 
cleavage parallel to the banding. Such a cleavable lock may give no 
evidence that it was once fisbile. From the foiegoing I conclude that 
banded rods may owe their structure to fissihty and secondary impregna­ 
tions or injections, or both, and the bands may or may not accord, with an 
original structure.

After a first secondary structure has developed, later movements may 
produce a new cleavage or fissihty, which cuts tins earlier structure at 
right or oblique angles, or the new force may be so intense as to produce 
a structure which wholly destroys the earlier structure. Usually, in 
order that a new structure may be produced, it is necesbary'that the new 
force shall vary considerably in direction from the first, so that it can 
not be decomposed into two components, one parallel to the old struc­ 
ture and one at right angles to it. To this fact is doubtless due the 
comparative mfrequency of cleavage and fissihty in several directions 
in the same rock mass; but while the secondary structure is ordinarily 
in a single direction, an exposure or even a hand specimen may show 
the original bedded structure and secondary structures in two or moie 
different directions. In fact, as has been shown, a single simple oro- 
geuic movement may produce both cross and parallel secondary struc­ 
tures, and the cross fissihty may be in two directions.

While it is rare to find more than two or three structures in a rock, 
theoretically there is no limit to the numbers which might be produced; 
but practically, as has been seen, new movements usually emphasize 
old structures, or else produce new btiuctures, which tend to obliterate 
the old structures. However, in a thoroughly crystalline rock, if there 
be two or three structures, it is not saje to assume that the oldest and most
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intensely phcnttxl one is iH'dfl'imj. (See Dale's figs. 92-94 in previous paper, 
pp. 505, 5G(>.) This has been done frequently in the case of the crystal­ 
line schists and gneisses by those who would not regard cleavage 01 folia­ 
tion, if but a single structure existed, as evidence of bedding. The older 
the structure the greater is the probability that it is leally bedding, but 
the fact that it is the earliest structure which now exists in the rock 
can not be regaided as conclusive, for it may have been produced 
by an early orogenic movement which simultaneously obliteiatecl 
bedding.

After a secondary structure has developed in a formation it may be 
folded into anticlines and syncliues. In order to be thus folded it is 
usually necessary that the secondary structures be not steeply inclined. 
As indicated on a previous page, where such a structure develops in a 
horizontal position it may correspond with bedding, but also it has been 
seen that cleavage or h'ssility may form with slightly inclined planes of 
movement which cut diagonally across the bedding. SSuoh a cleavage 
or fissihty may be emphasized by secondary impregnations, and injec­ 
tions, 111 which case it simulates bedding to a remarkable degree. In 
cither of the above cases a careless observer would be almost certain to 
regard the structures as bedding.

The number and severity of orogenic movements may in many places 
have been so great along old ranges that it is not strange that it is 
impossible to differentiate or separate the various formations upon 
a structural basis. The beds have been kneaded again and again by 
the erogenic forces; cleavage, fissihty, and banding may have developed 
in different directions; earlier structures may have been destroyed by 
later transformations; until it is no longer possible to determine the 
position ot original bedding.

APPLICATION TO CERTAIN REGIONS.

Tn many mountainous regions in which there has been profound ero­ 
sion, illustrations of nearly all of the foregoing principles maybe found. 
Attention may be directed to one or two of the more important.

Tt has already been pointed out (pp. 621-622) that in the Appalachian 
and Xew England crystalline areas the main direction of active stress 
was probably from the southeast toward the northwest. At any rate, the 
couple composed of force and resistance was such as to make the higher 
strata move toward the northwest as compared with the lower strata, 
or to make the lower strata move to the southeast as compared with 
the upper strata As a consequence of this, the folds of that area have 
axial planes which have a very geneial tendency to dip to the south­ 
east. If the force be supposed to have been directed toward the 
northwest, and to have been equal for different depths throughout the 
thickness of the locks now exj)osed at the surface, the cleavage which 
developed in the normal planes would dip to the southeast. This would 
have been due to two ( anses First, the direction of normal pressure,
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compounded of thrust and of gravity, would have been northwest and 
downward, which would, therefore, have given a southeasterly dip to the 
cleavage. Also, because of increasing resistance and probably lessening 
thrust with increasing depth, the force would have caused the higher 
strata to have moved differentially over the lo\ver ones. There would, 
therefore, have been a sheaiing motion, the higher strata moving 
upward and northwestward as compared with the lower. As a result 
of this shearing and of shortening, the old and new mineral particles 
 would he with their longer diameters in southeasterly-dipping planes 
and give a cleavage in that direction. The conjunction of these two 
foices would have given a flatter dip than would follow from either one 
of them alone.

While the above statement is true on the average, the case is com­ 
plicated because of the diffeiential movements 111 individual folds. The 
cleavage for a given section is in a single direction to the southeast 
only when the folds have a decided monoclinal attitude, and tins is 
especially marked \vheie the folds are all overturned. Even here, how­ 
ever, the cleavage tends to be natter upon the limbs in normal positions 
than on the overturned limbs. In the aieas m which the folds approach 
a symmetrical character, cleavage with northwest dips is found on the 
northwest limbs of the folds. The explanation of these phenomena is 
given on pages G49-(>50.

While there is a general tendency in this region for a southeasterly 
dipping clenvage, there arc great variations in the steepness of the dip 
in different beds in the same locality, and variation in the average 
steepness in different localities. The variation in steepness in the same 
area is explained by the fact that the differential movement between 
the strata was largely concentrated in the weaker beds, so that the cleav­ 
age in them us flatter than in the more resistant beds. The general 
variation in the dip of cleavage in passing from area to area may be 
explained by a difference 111 the character of the rocks, by a difference 
in the intensity of the forces at varying depths, or by a difference in 
the depth of burying. The particular average inclination for a given 
area depends upon a combination of all of these variables.

With given forces, if the rocks are more resistant in one area than 
in another, there is less shearing motion, and therefore steeper cleavage 
in the former than in the latter. Other things being equal, if the iorces 
are more intense near the surface than at a gi eater depth, the shearing 
motion is greater at higher horizons, and hence the cleavage is flatter 
in passing toward the surface. A given force would produce less and 
less shearing motion with increasing depth, because of the increased 
friction, and hence the cleavage may be natter in passing toward the 
surface, just as in the foiegoing case.

For any given area after cleavage developed, as denudation pro­ 
gressed the zone of flowage passed upward into the zone of fracture. 
It is clear that the cleavage planes already developed were then
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probably shearing1 planes, and'this was true even if the horizontal thrust 
was the same and in the same direction in the zone of fracture that it 
was in the zone of flowage, for the direction of greatest normal pressure 
is composed of thrust and gravity, and therefore at a gieat depth is 
steeply inclined to the horizon, whereas in the zone of fracture, gravity 
being less important, the direction of greatest normal pressure is less 
steeply inclined, and therefore normal pianos in the zone of cleavage 
become shearing planes in the zone of fracture. In the development 
of flssility along the cleavage planes there were slight differential 
movements between the laminae, and hence was formed tlie very exten­ 
sive fault-slip cleavage so well known in the Appalachians. It is 
believed that the more regular and widespread fissility is thus sec­ 
ondary to cleavage but it is tecogiiized that flssility or joints formed 
in other directions, and that in the outer zone, which was never in the 
zone of flowage, original fissility or joints only was developed.

As pointed out by Wilhs, in the western area of little altered rocks 
m the southern Appalachians the deformation was mainly by faulting; 
in the corresponding area in the northern Appalachians the deforma­ 
tion was mainly by folding. At intermediate areas the deformation 
was by faulting and folding. Parallel to the fault planes fissility devel­ 
oped to some extent in the area of fracture, and dipping in the same 
direction as the monoolmal folds cleavage developed in the area of 
folding. In an intermediate area the deformation was by major fault­ 
ing, by minor fault slips along tissility, by the pure shortening and 
shearing motion producing cleavage, and by monocliiial folds, all com­ 
bined. The interactions of these are more fully described in other 
places (see pp. 059-000, 070).

Returning to the ciystallme area, in the cracks and crevices between 
the fissile lamina} mineral impregnation from water solution occurred at 
many places, and thus gave the rocks a parallel banding, as described 
by Hobbs in the Searls quarry (PI. OXVI1). In other districts parallel 
injections of igneous locks occurred, and here the metamorphosed 
schists ai e welded together along the fissile planes by igneous mateiial. 
Such are the conditions in southeastern New York, and especially on 
northern Manhattan Island and in the vicinity of New Eoohelle.

As shown in other places (pp. 002-603, 080-688), there may be all 
gradations between aqueous impregnations, through aqiioo-igncous 
deposits, to true igneous injections. Usually the original rock differs 
in chemical and mineral composition from the impregnations or injec­ 
tions. The process gives a distinctly banded structure, which has often 
been mistaken for metamorphosed original sedimentary layers. Also 
the chemical composition may be so changed, if the amount of sec­ 
ondary material is large, as to make it impossible to tell from its chem­ 
ical analysis whether the original rock is aqueous or igneous.

If the parallel mineral impregnation, or the parallel igneous injection, 
or the two together, had been general throughout the Appalachian semi-
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crystalline and crystalline areas, we should have a vast series of crystal­ 
line schists with parallel banding, the bands generally dipping to the 
southeast, and these layers might be mistaken for beds, and thus lead 
to estimates of enormous thickness for the series, when 111 reahty the 
original sedimentary beds were of no unusnal thickness. This error 
has not been made for much of the Appalachian region because m most 
area-s the metamorphism has not been so extreme but that the cleavage 
is detected intersecting the bedding at the shaip turns of the layers on 
the crests of anticlines and in the troughs of synclines. Had the ineta 
morphism gone as far throughout the region as it has in certain places, 
the bedding could not be discovered, and there would be now no means 
of tracing out the different steps of the piocess of modification. But 
in the Appalachian and New England regions the steps of the process 
of the development of cleavage and fissihty, the stages of the par 
allel impregnation and infection, and all degrees of metamorphism, may 
be observed, so that in some of the regions of most extreme change 
the genesis of the rocks and their structures are determined with rea­ 
sonable certainty.

In the eastern region the areas in which the sedimentary rocks have 
gone through the process above described are more extensive than those 
of igneous rocks, but all steps of the process have also affected exten­ 
sive areas of igneous rocks. Examples of the latter are the pre-Oam- 
brian granitoid gneiss of the Green Mountains, and, more extensive 
than this, the great areas of ancient plutonic and volcanic locks of the 
Blue Itidge and Piedmont Plateau.

Afmther beautiful illustration of secondaiy banding m compara­ 
tively recent locks was discovered by Mr. Bailey Wilhs, who makes 
the following statement:

In the vicinity of Snoqnalnne Pass, jn the Cascade Eange of Washington, there 
occur dense, ringing slates with marked jointing in seveial dnectious, piobably of 
Miocene age. These stiata lie adjacent to an extensi\e area of gianite which has 
Bnflered much dynaino-metctmorphisin. The relative ages ot giamte and strata are 
as yet undetermined A coiisuleiable portion of the carbonaceous sediments pre­ 
sents the appearance of a distinctly, thinly banded gneiss, in consequence of the 
addition of quartz, biotite, and feldspar The added material occurs between the 
layeis oi slate aud traversing them at acute angles Under the nncioscope it shows 
the characteristics oi vein deposition, lather than the aggregates ot crystals from 
an intruded magma. The caibonaceons slate is lecognizable under the microscope, 
and the transition from the original slate to a gueissoid rock which can not he dis­ 
tinguished as having any connection with the sediments occurs within 2 01 3 feet 
It is apparent that this gneiss is the lesult of a spiearting of the slate layers, form­ 
ing irregular cavities paiallel to the planes of bedding, and the filling ot the cavi­ 
ties thus produced by the minerals now fouud theiein

It is believed that the regularly banded and laminated Laurentian 
gneisses which tor many miles have an isoclinal dip, over great areas in 

. Canada, along the Madison Canyon m southwestern Montana (tig. 154), 
and in other regions, may be explained by the same processes com­ 
pletely carried out as are applicable to the Appalachians. Jt is not
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asserted whether the original rocks in these regions weie igneous or 
aqueous. The general drift of opinion in recent years is in favor of the 
former origin.

RELATIONS OF CLEAVAGE AND FISSILITY TO STRATIGRAPHY

Cleavage or fissihty may be developed in one set of formations and 
not in another set of beds m the same set of formations. Secondary 
structures develop readily in a shale, less readily in a flue grit, still less 
readily iu a limestone, and perhaps with the least readiness in a quartz- 
ose sandstone, quartzite, or conglomerate. As a consequence of this, 
a shale between beds of limestone may take on a thoroughly cleaved 
or fissile character, the cleavage stopping abruptly at the beds of the 
limestone (fig. 149). The same is ti ue of layers of shale between beds of 
grit, or sandstone, or quartzite, or conglomerate (see Dale's fig. 80 m pre­ 
vious paper, p. 560). In general, in tJie strata constituting a for motion, 
cleavage may develop in tlie less rigid l>e<ls and lie absent or imperfect 
m the more rigid ledu. In such cases it has sometimes been assumed 
thatttie lower bed was deposited and cleavage or flssihty developed iu 
it before the superior bed was formed, the fact that a secondary struc­ 
ture was not so ready to develop in the upper bed being ignored.

Iu determining unconformities the use of cleavage and flssility follows 
the same principles as given on pages 632-C33 in reference to folding. 
To safely infer that there is a structural break between series it is 
necessary to show that cleavage and fissility would be as likely to 
develop in the superior formations as in the inferior ones. It is further 
necessary that the two series be in actual superpositiou, not in adjacent 
lateral positions.

It has been seen that in pioportion as cleavage and flssility develop, 
the original structures of the rock are obliterated. Where there is 
apparently complete destruction of the bedding for parts of folds, at 
areas of less movement, as, for instance, the crests of anticlines and the 
troughs of synclmes, the beds may still be recognized, and thus the 
relations between the primary and secondaiy structures be determined.

SECTION IV. 

JOINTS.

ORIGIN OF JOINTS

Various causes have been assigned for joints, of which the more 
important are tension, torsion, earthquake shocks, and shearing'. It 
is believed that joints may be classified into tension joints and compres­ 
sion joints. The first are ordinarily in the normal planes, the second 
are in the shearing planes.

Tension joints. Tension is often due to the contraction caused by 
cooling or by desiccation. It is well known that the peculiar columnar 
jointing of igneous rocks is due to the contraction and consequent
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tension caused by cooling, and the mud cracks of sedimentary rocks are 
due to the contraction and consequent tension caused by desiccation. 
However, it is probable that neither cooling nor desiccation is important 
in the production of systematic sets of joints in the sedimentary rocks.

It has already been seen that when rocks are simply folded and not 
too deeply buried the convex halves of the anticlines and syncliues are 
subjected to simple tension (pp. fit)7-5!)8, fig. 102). If the tension goes 
beyond the limit of elasticity, radial cracks will be formed which strike 
parallel with the rocks. Joints of this class are at right angles to the- 
tensile force. This class of joints is beautifully illustrated in the sharp 
folds of the graywackes of the Hiwassee Kiver, in the Ocoee series 
(fig. 136). If the folded rock has planes of weakness of any kind, due 
either to a primary or a secondary structure, the fracture due to the 
tensile stress may be controlled by these, and thus deviate from the 
normal planes.

Joiuts produced by tensile, stress may have smooth or rough surfaces, 
depending upon the character 
and strength of the rock. If it 
is a weakly cemented sandstone, 
the fracture, as pointed out by 
Becker, is around the grains. 
If, however, it is a strong, toler­ 
ably homogeneous graywacke, 
quartzite, or limestone, or sim­ 
ilar rock, the fractures may­ 
be clear-cut and sharp. After
joints due tO tensile Stress have Fl°- ISB. Kadlal cracks due to tension in sharply flexed

formed, subsequent movements stratum.
may press the surfaces together, or may fault the strata in a minor or
major way, and thus produce slickensided surfaces.

It has been seen in the discussion of folds that, instead of being sim­ 
ple, and, therefore, in a horizontal attitude, they usually have a pitch; 
or, in other words, the rocks are folded in a complex manner. In such 
regions there may be tensile stresses in two directions at right angles 
to each other, thus producing two intersecting sets of joints. One of 
these sets, that roughly parallel to the more conspicuous folds.would be 
called strike joints, while the other set of joints, parallel to the trans­ 
verse folding, would be called dip joints. Both sets would intersect 
the bedding nearly at right angles. The fact that two sets of joints 
in these positions so frequently accord in direction with the. strike and 
dip is strong evidence that many joints are produced by the tensile 
stress of folding ou the stretched half of the mass folded. If the folds 
are nearly horizontal that is, if the force, was mainly in a single direc­ 
tion the strike joints may be strongly developed and few dip joints pro­ 
duced. If, on the other hand, the folds are important in both directions, 
the strike and dip joints will both be important.
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Daubree has shown that if a brittle plate fractures Avhen it is sub­ 
jected to torsion beyond the limit of elasticity, a double set of parallel 
fractures nearly at right angles to each other are produced. 1 The iorces 
A\ hich produce complex folding deform the strata, where not too deeply 
buried, in two rectangular dnections by .tensile stress ; or, in other 
words, they are subject to torsion. It therefore appears that JJaubree's 
explanation of joints by torsion is but another statement of the pro­ 
duction of joints by complex ioldmg normal to the two pimcipal direc­ 
tions of tensile stress.

A question for investigation is the extent of the area oA7er which, 
joints and faults run in rectangular directions. In the case of a large 
and strongly pitching fold, the force of torsion may produce lupture m 
different directions upon different parts of the iolds. Upou the flank 
of the pitching fold, at a proper point, strike joints and dip joints may 
be formed, striking halfway between the ordinary strike joints and 
faults, and dip jomts and faults at the crests and troughs, and between 
the two there would be all gradations.

Crosby has recently suggested 2 that when torsion has nearly, but not 
quite, reached the limit of elasticity in rocks, an earthquake shock may 
act as the trigger Avhich sets the process in motion, aud he thus combines 
this cause with torsion in explaining joints. Crosby also emphasized 
the icict that a plate Avheu subjected to torsion does not crack along a 
single plane of fracture, the weakest plane, but that many parallel frac­ 
tures are produced. He applies this fact to rock beds, and suggests 
that the fracture must flrst occur at some one plane, that of the greatest 
stress or least strength in the distorted belt. The shock of the fracture, 
added to the force of torsion, goes beyond the ultimate stiength of the 
beds at the next weakest plane, thus fracturing them and producing 
another joint, and so on, until the complicated fractuimg actually 
obtained 111 the glass plate is paralleled by the rocks. He thus makes 
the rupture of the flrst joint itself serve the purpose of a secondary 
shock, and this rupture a third shock, and so on, producing a set of 
joints m rapid succession over an extended area. Finally a place is 
reached where the rock has not been sufficiently distorted for the shock 
of the last fracture to carry the stiess beyond the breaking strength. 
This theory is as applicable to simple tension as to torsion. In. the 
above it appears that Crosby has overlooked the fact that he has not 
explained the flrst earthquake shock. The statement might be 
amended as follows: The flrst fracture occurs because the .steadily 
acting erogenic forces finally go beyond the ultimate strength of the 
deformed beds. When rupture takes place, this gives the flrst shock. 
This initial shock carries the stress beyond the ultimate strength of 
the next weakest planes, and so on.

1 Geologic exptamujitjlp, par A Uaubree, pp S06-J14, Pans, 1879
! Tli<5(iri!rm of parallel and mtersectiug jomts AV 0 Crosby, Am Gool, A7 ol XII, 1893, pp 368-375.
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Compression joints. YJaubree 1 and Beckei - show that joints may be 
pioduced by compression. In Ihis case theie will be jointing in two 
planes wheii the rocks aie simply folded, and, according to Beckei, thei e 
may be jointing in three or four planes when they aie complexly folded, 
one of these being normal to tensile stress and the others in shearing 
planes. However, wheie theie are moic than two sets of joints at right 
angles to each other, it is probable that in many cases these have been 
caused by successive orQgeiiic movements, the second being in a differ­ 
ent direction from the first. Decker has explained that minor faulting 
is a common phenomenon ot compression joints.

When the folding is simple, both sets of joints developing in the 
shearing planes, although dipping in different directions, would accord 
in their outcrop with strike, and might theiefore be regarded as strike 
joints. When the folding is complex it may be that dift'eieut sets of 
shearing planes would correspond to strike joints and dip joints, but 
upon this point further observation is needed.

In the Knox dolomite of e<ist Tennessee the formation of joints along 
both tensile and shearing planes is beautllully illustiated at numeious 
localities. Commonly the joints produced by tensile forces are uea-ily 
perpendicular to the bedding. Two sets of joints, equally inclined to 
the bedding and making obtuse angles with each other, aie clearly in 
the shearing planes.

The attitudes of joints produced by shearing and their ielations to 
bedding would be identical \\ ith fissihty, as described on pages 050-059. 
Whether the structure be called fissihty or joints would depend upon 
their numbei. If numerous and close together the stiucture would be 
called h'ssihty; it' fewer ami farther apait, jointing The same com­ 
pression might produce fissihty along one set of shearing planes, and 
joints along another. If the above be true, it is clear that there are 
all gradations between joints and fissihty. It has been suggested 
that the term "flssihty" might perhaps be wisely restricted to thecases 
where the structure is secondary to a previous one, such as cleavage or 
bedding, and that the term "joint" should be used to covei fractures 
along independent shearing planes.

In thus explaining many joints as the result of the same forces which 
produce folds, it is not meant to imply that there are not joints of other 
origins, but merely that the master joints, which run in different 
directions approximately parallel to the stuke and dip, may be thus 
explained, and these are the joints which are the most useful in deter­ 
mining the structural relations of different series.

1 Geologic cxperimeutale, par A Daubree, pp 315-322, Pan-, 1879 I 
'George F Backer Finite homogeneous stain, How , anclniptuie ot rooka Bull Geol Soc Am ,Vo1

IV, p]i 41-75, 1893 The toraioiial theory of joints, Trana Aui Inat Mm Engineers!, Vol XXIV, pp
130-118,1804
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ZONE AFFECTED BY JOINTS

Joints, implying as they do openings in the rocks, tire necessarily 
confined to the outer zone of fracture and the middle zone of fracture 
and tlowage. In the first zone they are of more importance and piob- 
ably more regular than m the second. In the deeper zone of lock 
welding no joints can develop. In rocks once buried to this depth, 
which subsequently reached the surface by erosion, joints may be 
foimed; for in approaching' the surface they passed from the zone of 
flowage, through the zone of fracture and flowage, into the zone of 
fracture.

RELATIONS OF JOINTS TO STRATIGRAPHY

If there is a greater number of sets of joints m an inferioi formation or 
formations than in a superior formation or formations, the two divisions 
being of sncli lithological chai acter as to be equally likely to take on joint­ 
ing, this argues that there may be discordance between the two sets, 
for it is probable that the lower set of formations, which has the more 
complicated jointing, was subjected to oiogeuic movements \\hich pro­ 
duced a part of these fractures before the upper series was deposited. 
Cornstock has applied this as the determining criterion in separating 
three supposed series of rocks in the Llano district of Texas. The 
lo^er series of formations is said to have three sets of pronounced 
joints running in definite directions, while the middle series has only 
two sets of joints itinning in definite directions, these two being com­ 
mon with two of the three in the lower series, and the upper series 
has a single set of joints running in a definite direction, this system 
being common to both the inferior scries. Comstock's inference is that 
the system of joints in the, lowest series not found in the upper two series 
was produced before the upper two senes  Here deposited, and that the 
two sets of joints found in the lower series, one of them also affecting the 
middle series and both absent in the upper series, were present before 
the latter seiies was deposited. That is, the lower seiies was sub­ 
jected to three orogenic movements, the middle series to two, and the 
npper series to one. Considering that two or more sets of joints may 
be developed hy a single orogenic movement, it would seem that such 
a conclusion should be supported by other criteria.

SECTION V.

FAUXTS. 

ORIGIN OF FAULTS.

Poults differ from other rock fractures, in that there is important die- 
location along the fractures, and often also they are far more extensivs. 
Like joints, faults may be classified into tension faults and compres­ 
sion faults, the first forming in the normal planes and the second in the
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shearing planes. Faults are, however, usually defined as normal and 
reverse. A normal fault is one in which the overhanging side descends 
in reference to the other, while in the reverse fault the overhanging 
side ascends in reference to the other. Another term applied to reverse 
faults is thrust faults, 
implying that tangential 
thrust is the controlling 
factor. As equivalent to 
normal fault may be placed 
the gravity fault, imply­ 
ing that gravity is the 
predominant force.

In the case of thenormal 
fault the overhanging side 
has a smaller base than 
the other. Consequently, 
by force of gravity it de­ 
scends, as compared with 
the other side. In all cases, both of normal and reverse faults, gravity 
is a never-ceasing force. As first explained by Le Conte,1 the prin­ 
ciple of the inclined plane thus applies to these two forces, the hade 
of the fault giving the inclination of the plane. Where the hade 
is greater than 45°, if the forces of gravity and tangential thrust are 
equal the fault is normal, because gravity controls the movement (fig. 
137). If, on the other hand, the hade is less than 45°, tangential thrust

FIG. 137. Konnal or gravity fault.

FIG. 138. Keverse or thrust fault.

is the predominant force, and the fault is a reverse one (fig. 138). As 
the hade becomes steep, gravity has greater and greater relative power, 
and if the hade is very steep, gravity may be able to overcome the 
tangential thrust, even if the latter is several times as great as the 
former. So, also, if the hade is flat, tangential thrust even much weaker 
than gravity may overcome it and produce a reverse fault. This is one

'On the origin of normal faults, and of the structure of the liasin region. Joseph Le Conte. Am. 
Jour. Sci. (3), Vol. XXXVIII, pp. 257-263.

16 GEOL, PT 1   43
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reason why, as a rule, normal or gravity faults have steep hades, while 
reverse or tangential faults have fiat hades.

There is, however, another reason. Since tension faults form in the 
normal planes, they are usually steeply inclined or nearly vertical. But 
the very idea of tension faults implies that there is no thrust. Hence, 
gravity has its full effect, and the overhanging side goes down with 
reference to the other side. It does not follow, therefore, that all grav­ 
ity faults are tension faults, although this may be the case. Compression 
faults form in the shearing planes, and they are therefore likely to be 
much inclined to the vertical. In order that rupture shall occur the 
thrust must be great, and hence compression faults are usually, and 
perhaps always, thrust faults.

Perhaps it would be well to classify faults as gravity faults and 
thrust faults, rather than normal and reverse faults, and thus give 
them names which refer them to the predominant causes. For the 
present this classification is preferable to the classification tension 
faults and compression faults; for it is possible, though hardly prob­ 
able, that an inclined fracture may result from compression, and after 
a time thrust lessen m amount, so that gravity controls the final dif­ 
ferential movement.

RELATIONS OF FAULTS TO EXPANSION AND CONTRACTION.

Gravity faults result in the dilation of the part of the crust affected 
by them (fig. 137). Thrust faults result in the contraction of the part of 
the crust affected by them (fig. 138). In a region in which many par­ 
allel faults occur, all of the same character, the dilation or contraction 
may be a considerable percentage of the breadth of the area disturbed. 
.Since the amount of dilation or contraction with a given vertical move­ 
ment increases as the hades become fiat, and since thrust faults have
-flatter hades on the average than gravity faults, the shortening of the 
crust in a region of thrust faults is usually greater than the elongation 
in another region in which gravity faults are about equally abundant 
.and in which the vertical displacements are the same.

RELATIONS OF FAULTS TO STRIKE AND DIP,

While there is great variability in the direction of faults, due to
-exceptional causes, faults are more frequently parallel to the strikes 
and to the dips, other things being equal, than in other directions, so 
that faults are sometimes spoken of as strike faults and dip faults. 
Since a fault may be no more than a displaced joint, this relation is 
easily explained m the same manner as in the case of joints, (See
-op. 069-670.)

RELATIONS OF FOLDS TO THRUST FAULTS

It has been long recognized that thrust faults are often related to 
overfolds. If the strata are in the zone of combined fracture and 
flowage, the overfolds may be broken along the reversed limbs and the
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arch limbs be thrust over the trough limbs. In a region of overfolds 
and thrust faults, if it could be determined whether the differential 
movements are such as to carry the material moved toward the surface 
or away from the surface, it could be decided whether such folds and 
faults should be called overthrusts or underthrusts. But the differ­ 
ential movements, the forms of inclined and overturned folds, and the 
character of the thrusts are identical, whether a given bed above be 
considered as moving forward and upward as compared with the layer 
below, or be considered as moving forward and downward as com­ 
pared with the layer above. In fig. 139, if the force be considered as 
applied at A, it would be called an overthrust faultj if the force 
be considered as applied at B, it would be called an underthrust 
fault; and yet the phenomena are identical. The movements must be 
such that the material goes in the direction of relief, and it is probable 
that this is more often 
toward the surface of the 
earth (see p. 622) rather 
than deeper within the 
earth. It is probable 
that in certain cases 
thrust has been trans­ 
mitted by a strong for­ 
mation or series and 
pushed under other 
strata. This is particu­ 
larly likely to occur 
where the lower strata 
are weaker or where the 
material in advance of 
the active strata transmitting the force has been already raised into folds, 
and thus partly escapes the pressure. (See pp. COG-607, and fig. 109.)

As explained by Willis, in regions which are but lightly loaded the 
forces producing thrust faults may result in clean-cut fractures, with 
scarcely any bowing of the layers of the rocks along the shear planes 
(see figs. 127 and 128, and pp. 659-660). In passing to greater depths the 
load is greater, and the layers, instead of all having the full movements 
of the clean-cut thrust faults, adjacent to the fault planes may be found 
to be in sharp overfolds in opposite directions upon opposite sides of 
the faults (fig. 139). Where the load is still greater these folds are of 
increased importance. Under still greater load the rocks may be first 
bent into an overfold, with little faulting, and finally at a greater 
depth the deformation may occur altogether by overfolding. It is 
therefore clear that in the same mountain mass there may be all grada­ 
tions between clean-cut thrust faults and overfolds without faults. 
The transition may be longitudinal, as in the case of the Appalachians, 
where thrust faults which occur in the extreme southeast are gradually

FIG. 139. Fold passing iiito fault.
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replaced by overfolds to the northwest. Also the transition may bo 
transverse. In the latter case, if erosion cuts the strata to different 
depths after such a region was deformed, the overfolds may be found 
in the central parts of the mountain mass, the transition phases upon 
the intermediate areas, and the thrust faults without overfolds upon 
the outer flanks of the mountains.

Kocks at a certain depth, and therefore under a definite load, maybe 
deformed first by folding and afterwards by faulting. Suppose a rock 
is deeply buried, but not so deeply as to cause the superincumbent load 
to equal its ultimate strength. Suppose the differential stress for a 
given stratum under these conditions to surpass the elastic limit, but 
not to reach the ultimate strength of the bed. It will then be deformed 
by folding, but during the process shearing occurs on the limbs, and as 
a result the bed is thinned, and finally the stress may surpass the ulti­ 
mate strength of the rock, which will then be fractured and perhaps 
faulted. The same result may be reached if before a stratum or forma­ 
tion is thinned the differential stress increases so as to go beyond the 
ultimate strength of the rock. It follows from this that deformation by 
folding followed by faulting is normal for a considerable zone, for when 
the mountain-making forces for a given region first begin their work, it 
is to be supposed that the differential stress is moderate. As the stress 
increases in amount so as to exceed the elastic limit the layers would 
begin to be folded, and fractnre would occur as soon as the differential 
stress reached the ultimate strength of a given layer, provided the rock 
was not in the deep-seated zone of flowage.

It has been seen (p. 659) that accompanying thrust-faulting fissility 
may develop parallel to the faults, and accompanying overfolding cleav­ 
age may develop which dips in the same direction as the axial planes of 
the folds. In an area intermediate between the zone of fracture and 
the zone of fiowage, this being at successive times under the conditions 
of flowage and of fracture, there may be overfolding and cleavage 
combined with thrust faults and fissility. In passing from a faulted to 
a folded area, as has been noted, first there may be fissility along the 
thrust faults, then the strata may be slightly overfolded and tucked 
under along the faults, this undertuckmg becoming more and more 
prominent and fissility at the same time being replaced by cleavage, and 
finally we may have overfolds with cleavage, with or without faulting. 
Each of the different phases of the steps of change may occur on a large 
or small scale. In some places in an intermediate area a dozen little 
overfolds with fault slips may be seen upon a single hand specimen. 
Hence 1 conclude that the average deformation of a region may be the 
same whether it be by a few great faults with little or no fissility, by more 
frequent lesser faults with or without fissility, by faults and overfolds 
with or without both cleavage and fissihty, or by folding with or without 
faults and cleavage; also that there is every gradation between faulting 
and fissihty, and probably every gradation between faulting and cleavage.
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ZONE AFFECTED BY FAULTS

A fault may vary in magnitude from a fraction of an incli to many 
thousands of feet. A fault, like a joint, is limited in horizontal as well 
as vertical extent. It can not be assumed to extend very far beyond 
where observed. A fault of an inch may die out within a few inches, 
both laterally and vertically; a fault of a hundred feet, within a few 
hundred feet; a fault of five thousand feet, within a few miles. In fol- 
lowiug a fault longitudinally the throw may be found to become less 
and less until it is zero, just as a bunch of paper may be torn for a part 
of its length and the different parts of the torn ends be differently dis­ 
placed. But while faults may thus die out within short distances, they 
may have remarkable persistence, both in direction and in length. This 
does not necessarily imply that they have great persistence in depth, 
for just as a fold has a tendency to die out, as explained (pp. 599-600), 
a fault may also die out below, and sometimes also above. In the 
latter case the fault usually occurs in a stratum or a formation which 
is brittle as compared with the overlying rocks. Because of the more 
plastic character of the higher strata the deformation there occurs by 
folding. Probably most faults at sufficient depth pass into flexures, and 
deeper down these flexures may die out. (See figs. 96 and 97 in preceding 
paper by Dale, p. 567.) As already explained, when a bed is deformed 
nnder little weight the strain necessarily causes fracture, and the read­ 
justment is largely by faulting along the fractures. When all the 
conditions are the same, except that there is such load that as a whole 
the rocks are in the zone of flowage, the necessary deformation is 
accomplished by folding. In regions of close folds it is probable that 
before the superincumbent beds were removed by erosion many of the 
latter were faulted instead of folded, for they were in the zone of 
fracture and flowage, and in the zone of fracture rather than the zone 
of flowage.

Possibly the depth at which important faults disappear is in many 
cases not more than 5,000 meters, although the discussion of the depth 
of earthquake shocks due to faults leads to the conclusion that some 
faults extend to the depth of a number of miles.

11 there are inclined planes of weakness in the deep-seated zone of 
flowage, the deformation may largely occur by faulting along these 
planes.1 Such inclined planes of weakness may be in sedimentary 
rocks or in igneous rocks. Since masses of intrusive rocks, either in 
the form of dikes or of bosses, usually have vertical or steeply inclined 
exteriors, faulting is particularly likely to occur at the coutacts of 
igneous rocks with one another, or at the contacts of igneous with 
sedimentary rocks. It has already been explained that such deep- 
seated faults would differ in no way from the differential movements

1 The Mechanics of Appalachian Structure, by Bailey Willis Thirteenth Aim Kept, TJ. S G-eoL 
Surv , pp 217-274 1893 Especially Pis XCV and XCVI
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resultiiig in cleavage or fissihty, except that the movements tire mainly 
confined to narrow zones. This results in great displacement at the 
fault zones and little displacement in the areas between the faults. In 
such supposed deep-seated faulting it is to be remembered that the dis­ 
placement takes place without crevice or joint. At any given move­ 
ment the rock is to be regarded as welded together. The different 
parts simply shear over one another along th e plane of greatest weakness.

RELATIONS OF FAULTS TO STRATIGRAPHY

Faults may be used to discriminate between series in precisely the 
same way as joints, and the criterion has far greater weight. If an 
inferior set of formations has a more complicated faulting than an upper 
series which, lithologically is equally likely to be faulted, this is strong 
evidence that the lower set of formations was faulted before the tipper 
set of formations was deposited. Faults are frequently not easy to 
demonstrate or to trace out. Hence this criterion for discriminating 
between series is not so valuable upon the whole as are the more con­ 
spicuous and readily discovered phenomena of folds, cleavage, fissility, 
and joints, but if the conditions are favorable for tracing out the faults 
of a region, the information thus furnished may give positive evidence 
as to structural breaks between series.

GENERAL.

In the foregoing pages folds, cleavage, flssility, joints, and faults are 
regarded as the conjoint products of thrust and gravity. Similar forces 
acting upon heterogeneous rocks under various conditions produce 
diverse phenomena. Thus several classes of phenomena which are 
often treated as independent and unconnected are genetically con­ 
nected. A fault may accord in inclination with any of these structures. 
Between faults and joints, fissility, or cleavage there are all gradations. 
When there is a marked displacement along a break it is called a fault. 
Whether a given minor displacement is thus named often depends upon 
the point of view. Wherever there is fissihty there is slipping or fault­ 
ing, using this term in its exact sense. Usually minor displacements 
are not called faults unless they occur across the beds or other struc­ 
tures. A displacement across a prior structure of such magnitude as 
to be called a fault might be ignored if it occurred along the structure. 
Folding and cleavage belong normally to the zone of flowage; fissility, 
joints, and faults belong normally in the zone of fracture. In the zone 
of combined flowage and fracture all the structures occur together ia a 
complex manner, the particular combination of phenomena depending 
upon the relative thickness, strength, and bnttleness of the rock beds 
concerned.
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SECTION VI. 

ATJTOC.LASTIC ROCKS.

ORIGIN OF AUTOCLASTIC ROCKS

When rocks are folded by strong orogeuic forces, and they are not 
so heavily loaded as to render them plastic, they are frequently broken 
into fragments, and " autoclastic" 1 rocks are produced. The autoclastie 
rocks which readily show their origin, may be called dynamic breccias, 
and those which resemble ordinary conglomerates maybe called pseudo- 
conglomerates. Brittle rocks are the most likely to become autoclastie; 
hence it is that cherts, quartzites, cherty limestones, graywackes, and 
rather siliceous slates are some of the kinds which most frequently pre­ 
sent the phenomena described. The movements of the broken fragments 
over one another in many cases so thoroughly round them that they have 
the appearance of being waterworn, and the matrix between the larger 
fragments may consist almost wholly of well-rounded fragments of a 
similar character. For instance, in a semi-indurated quartzite the 
larger complex fragments may be well rounded by their mutual friction 
while the matrix may consist of the simple original waterworn grains 
which are rent apart. In another case the original rock may have 
consisted of beds of mud interlanimated with thin beds of grit. By con­ 
solidation and cementation these beds may have been transformed to 
alternating shale and graywacke. The shale is plastic under slight 
load; under the same load the graywacke is brittle. When such a set 
of beds is deformed the shale yields largely by flow and the graywacke 
by fracture. The beds of graywacke are broken into fragments of 
varying sizes, which are ground over one another, and thus are rounded. 
At the same time the shale flows and fills the spaces between the frag­ 
ments. Also slaty cleavage may be developed. As a result, a pseudo- 
slate-conglomerate is produced, having a slate matrix and pebbles of 
graywacke, which, so far as its own characters are concerned, could not 
be discriminated by anyone from a true conglomerate. Fortunately, 
in most cases it is possible to find transition phases between, such a 
rock and one in which the process has not gone so far, and thus one is 
enabled to determine that the rock is autoclastie. One method of the 
formation of pseudo-conglomerates is described by Dale in the previous 
paper. (See fig. 100, p. 569.)

ZONE OF AUTOCLASTIC ROCKS

The zone in which autoelastic rocks may be produced is confined to 
the outer 10,000 meters of the earth's crust, and the formation of wide­ 
spread autoclastic rock is probably limited to the outer 5,000 meters.
At a depth greater than the larger number the pressure in all direc-
_______________________________________ »

1 Structural geology of Steep Eock Lake, Ontario, II L Smyth, Am Jour Sci , 3d ser , Vol XLII, 
p d31
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tions exceeds the crushing strength of any rock, and therefore if it 
were possible for crevices to form such as are necessary to produce 
brecciation they would be almost immediately closed by flowage. Con­ 
sequently, at great depths it is to be supposed that no crevices form in 
the rocks as the result of dynamic movements, and therefore that no 
breccias are produced.

From the foregoing it follows that autoclastic rocks may develop 
whether the formations concerned are homogeneous or heterogeneous. 
Also that they may develop whether the beds are all within the zone of 
fracture for them or whether they are in the zone of fracture for a part 
of them and in the zone of flowage for the other part. In the first case 
dynamic breccias are likely to form. In the second case only the 
stronger rocks are broken, the fragments being buried in the members 
which flowed, and pseudo-conglomerates are frequently formed.

RELATIONS OF AUTOCLASTIC ROCKS TO BASAL CONGLOMERATES.

Since it is possible that pseudo-conglomerates may be mistaken for 
true basal conglomerates, the criteria which discriminate the two are 
of great importance.

(1) An autoclastic rock must derive its material mainly from the 
adjacent formations. If, for instance, it is produced from interstratified. 
layers of limestone and quartzite, it will contain only limestone and 
quartzite detritus, and the fragments will be mainly from the more 
brittle formation. Further, an autoclastic rock may have a part of its 
material from the superior formation as well as from the inferior. 
However, in some cases the brecciated layer may itself have been con 
glomeratic, although not a basal conglomerate, and thus some material 
will be found from extraneous sources. But in most instances the 
material is of local origin, lu true basal conglomerates, on the other 
hand, while the material is very frequently derived in large measure 
from the immediately subjacent formatious, they also usually contain a 
small proportion of material from various foreign sources, and do not 
contain any material from the overlying formations, as may the auto­ 
clastic rocks.

(2) In an autoclastic rock, if the pebbles are closely examined they 
will in many cases be found to be less rounded than in a true basal con­ 
glomerate. If the belts of brecciation be followed for some distance a 
considerable variation will frequently be found in this respect, frag­ 
ments being here well rounded and there very imperfectly rounded. 
The well-rounded fragments are concentrated, as are also the angular 
fragments. A basal conglomerate, on the other baud, has a consider­ 
able uniformity in the degree of the rounding of its pebbles in passing 
along the same horizon, but at the same place the large fragments may 
be angular and the small ones well rounded. In a basal conglomerate 
very near to the underlying formation many of the contained fragments 
may be angular, but in an extreme case the fragments of a basal con-



VANHISFI AUTOCLASTIC ROCKS AND BASAL CONGLOMERATES. 681

glomerate are upon tbe average usually not so angular as those of an 
autoclastic rock.

(3) In many cases the interstices of an autoclastic rock are filled with 
material of a vein-like character, whereas in a basal conglomerate the 
filling material is largely finer detritus. But sometimes, as in the case 
mentioned of a semi-indurated quartzite, the filling material of an auto­ 
clastic rock may be waterworn grains of sand, which have been sepa­ 
rated by dynamic action, and are therefore indistinguishable from the 
ordinary matrix of a true conglomerate.

(4) In most instances a bed of autoclastic rock, if followed, may be 
traced into an ordinary brecciated or partly brecciated form. A basal 
conglomerate, on the other hand, if followed along the strike and dip, 
may change its character, but it will be a gradual change into the ordi­ 
nary mechanical sediments, whereas an autoclastic rock is likely to have 
very sudden variations in character.

Using all of the above criteria, it is difficult in some cases to discrim­ 
inate between an autoclastic rock and a true conglomerate. Usually, 
however, if an area be studied sufficiently long, and if the relations be 
examined closely, a true judgment may be reached.

Autoclastic rocks are not likely to develop from shales and limestones, 
but if near enough to the surface even these rocks may become brec­ 
ciated. As a consequence of orogenic movements, in the zone of com­ 
bined fracture and flowage, where the alternate layers are thick, the 
shales and limestones may flow and the cherts and quarzites become 
brecciated. The brecciated and nou brecciated layers, under these cir­ 
cumstances, may not become mingled to any considerable degree. Thus 
we may have a set of autoclastic rocks mterstratified with layers which 
show no sign of breceiation. It may be that the plastic layers, as a 
result of the stress, may be minutely corrugated. The movement of 
the broken particles in the rigid layers against the crests and troughs 
of the folds may have truncated them. We might then have pseudo- 
conglomerates resting upon folded truncated layers (fig. 153), and it 
might be concluded that there is a structural break between the two, 
the inference being that one formation was folded and truncated before 
the overlying clastic formation was deposited upon it. This occurs in 
the Marquette district of Michigan.

Another case is as follows: A lower shale or grit may be overlain 
conformably by a sandstone. By cementation these formations may 
become indurated; the grit into graywacke, and the sandstone into 
quartzite. After this an orogenic movement may develop cross cleav­ 
age or cross fissility in the softer, lower formation, the secondary 
structure abutting against and sharply terminating at the overlying 
quartzite. The same movement may develop a pseudo-conglomerate in 
the overlying formation. In the later stages of the process the differ­ 
ential movement may tear oif fragments of the lower slate or schist 
and include them with the broken, harder formation. Such a pseudo-
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conglomerate simulates to a remarkable degree a basal conglomerate 
resting unconformably upon an earlier series, in -which it might be sup­ 
posed that the secondary structure was produced before the overlying 
formation was deposited. Exactly these relations obtain within the 
Ajibic quartzite formation of the Lower Marquette series, northeast of 
Palmer. At first it was supposed that the pseudo-conglomerate was 
basal and marked an unconformity, and it was only after the locality 
was repeatedly visited and studied in the utmost detail that the true 
relations between the two formations were discovered.

Similar phenomena may occur between formations different from 
those above described, in which the inferior formation is weaker than 
the superior formation.

As another illustration of the great difficulty in sometimes distinguish­ 
ing between the two, a case in the Adiroudacks may be cited in which a 
thick formation of gneiss is overlain by a bed of crystalline limestone 
containing interlaminated smaller beds of gneiss. The whole series has 
been closely folded. The gneiss, as a result of the folding, is closely 
corrugated, and to a certain extent its upper folds are truncated by the 
shearing action. The limestone has acted like a fluidal substance, 
accommodating itself easily to its new position, and by recrystallization 
has taken on a massive character. The thin belts of gneiss within the 
limestone have been broken to fragments. The fragments in the lime­ 
stone matrix have ground against one another until they became well 
rounded. They are disseminated through the limestone (PI. CXIIJL). 
As the layers of gneiss are thicker and more numerous near the base of 
the limestone, this part of the formation appears as a limestone con­ 
taining numerous bowlders and smaller fragments of gneiss resting 
upon a gneiss formation. Thus an unconformable contact was inferred 
when the area was first examined, but an extended and close examina­ 
tion of the region showed all stages of transition, from the phase of the 
rock which appeared to be a true conglomerate to that in which the 
thm layers of gneiss are iiiterstratified with limestone. Similar phe­ 
nomena have been observed in the Original Laurentian area and in the 
Marquette district of Michigan. (See p. 804.)

ABUNDANCE OF AUTOCLASTIC ROCKS IN THE PRE-CAMBRIAN.

As the number of orogenic movements has been so much greater 
upon the average in pre-Cambnan rocks than in post-Cambrian rocks, 
it follows that the autoclastic rocks in these ancient formations are far 
more important than in the later deposits. As a matter of fact they are 
found to cover extensive areas in Algonkian regions.
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SECTION VII. 

METAMORPHISM OF THE SEDIMENTARY ROCKS.'

Metamorphism is here used in its broad sense to cover the altera- 
tionsof all classes of rocks by all processes. In what follows no attempt 
will be made to give a full treatment of the subject. The purpose is 
rather to briefly sketch a few of the more important processes of rneta- 
morphism which have affected large areas of the pre-Cambrian rocks in 
North America, and to point out the original conditions and the forms 
which have resulted from the modification of the various rock masses. 
The metamorphism of the sedimentary rocks will be considered more 
fully than the metamorphism of the igneous rocks, as in stratigraphical 
work the former is of more importance, although it is recognized that it 
is necessary to understand the manner of metamorphism of the igneous 
rocks in order to discriminate between the altered forms of the two 
classes.

The prominent forces producing metamorphism are pressure, heat, 
and chemical affinity. Pressure may be resisted by rigidity, or may 
pass into mass motion. In the former case the conditions are those of 
static metamorphism, and the motions are molecular. In the latter case 
the conditions are those of dynamic metamorphism, and the motions are 
both molecular and mass. The heat may result from dynamic action, 
be obtained from liquid rock intruded from below, or from the interior 
of the earth by the normal increase of temperature due to depth. In 
the chemical chauges water is the menstruum through which most of 
the transformations are made. It carries the materials from one place 
to auother, and thus the composition of great masses of rocks may be 
changed.

PROCESSES OF METAMORPHISM.

The chief processes considered in the transformation of the sediment­ 
ary rocks are consolidation, welding, cementation, injection, metasom­ 
atism, and mashing.

Usually in the formation of a metamorphic rock two or more of these 
processes act together, but in some cases one is predominant, in others 
another, and in still others two or three or more may be equally impor­ 
tant. Nevertheless, it is advisable to consider each of the above pro­ 
cesses by itself, the nature of the work it performs, and the results 
which may be produced by the particular process without others, so far 
as this can be done. This is not possible in some cases, since with certain 
processes others always occur. The metamorphosing processes men­ 
tioned are taken up below in the order of complexity, the least complex 
being considered first. In general, however, the rocks treated under 
each individual process are the joint products of that particular meta­ 
morphosing process, and those processes which have gone before. It is

1 At a future time I hope to treat metamorphigm and the metamorphic rocks in a general and more 
satisfactory manner
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customary to speak of certain of the processes of metamorphism as 
static and of others as dynamic, but in a strict sense all changes which 
take place within rocks are dynamic. A.11 involve the movement of 
material. However, in some cases the movements are largely molecular, 
and for such, cases the term static will be retained (with the under­ 
standing that it is not accurate) as a convenient term to separate them 
from those cases in which extensive movements of the rocks in large 
masses is the dominating fact in alteration. To the latter the term 
dynamic metamorphism is here restricted.

CONSOLIDATION.

One of the processes which change sedimentary rocks from their 
original condition to an altered condition is that of consolidation. Con­ 
solidation is produced by the mere pressure of superincumbent strata or 
by the stress of thrust, so that the mineral particles are brought closer 
together. As a consequence the rock becomes coherent. The cause of 
this coherency, resulting from the readjustment and nearing of the par­ 
ticles, is a question for the physicist rather than for the geologist. 
This coherent power is particularly efficient in the case of clayey rocks 
and other rocks composed of fine particles.

WELDING.

If rocks are so deeply buried that the superincumbent weight is 
beyond the crushing strength, or if they are in the zone of flowage, it is 
possible that the particles may become welded together and thus form 
a crystalline rock. This depth would of course vary for different 
minerals and rocks, and consequently there would be a thick middle 
zone of combined consolidation and welding between an outer zone of 
consolidation and an inner zone of welding. It may, perhaps, be 
unusual for strong sedimentary rocks to reach the zone of welding 
and afterward arrive at the surface by erosion, but that welding 
assists consolidation at very moderate depths for the softer materials  
such as coal, clay, and limestone can hardly be doubted.

CEMENTATION.

By cementation is meant the binding together of the rock particles by 
the infiltration of mineral material in solutions and its deposition as min­ 
erals in the interstices oi the rocks. Of these minerals the most impor­ 
tant are quartz, opal, calcite, ferrite, mica, chlorotoid, chlonte, feldspar, 
augite, zoisite, epidote, and serpentine. Many other rock-forming 
minerals act as cements, but their importance is small. Of all of the 
foregoing minerals quartz is the most important, calcite the next in 
importance, and ferrite third. Under the term ferrite is included hema­ 
tite, limonite, magnetite, and the other oxides of iron. Hematite and 
limonite arc, however, the more abundant ferriferous cements.

The crevices may have been the minute spaces between the grains, 
the laminar cracks between the fissile leaves, or larger crevices parallel
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to or cutting the lamination (fig. 145). Between the three cases there 
are all gradations. In all cases the secondary minerals interlock, and 
in the larger spaces they may have a coarsely crystalline strncture. 
The quantity of entering material varies in different cases from a rela­ 
tively unimportant amount to predominance. The minerals from extra­ 
neous sources may permeate the rock through and through, and fill all 
the interspaces, microscopic and macroscopic. The result is in many 
instances to give a most extraordinarily complex structure, the places 
between the original minerals being filled, the folia being emphasized 
by the parallel impregnation, and the whole being intersected by larger 
masses of holocrystalline interlocking mineral materials, some of which 
are parallel to the original strncture, some of which are diagonal to it, 
and some of which are parallel for a certain distance and then cut 
across it. The material filling the larger crevices often has distinct vein- 
like forms (fig. 145). When examined carefully, the impregnating 
material parallel to the lamination may be found to follow the folia very 
closely,or it maybe found to follow along them for some distance, then 
break across one or more, and then follow them again. In proportion 
as there is a tendency for the material to break across the folia the veins 
usually are of unequal size, and the original laminae sometimes appear 
to be farther apart than would be true under ordinary conditions. This 
suggests that the entering material may have acted as a wedge, forcing 
asunder the laminae. The process of cementation may be said in general 
to apply to all porous rocks, and in many cases it is the chief cause of 
induration.

In the cementation of rocks the new mineral material may be added 
in different ways. It may attach itself to the old grains of like mineral 
character, or it may be deposited as independent interstitial material; 
if mineral particles be fractured, it may heal them with the same or 
some other mineral. When the interstitial mineral attaches itself to an 
old mineral of a like character, the two being in optical continuity, the 
mineral is said to have been enlarged. This enlargement process is far 
more important in the case of quartz than in the case of any other min­ 
eral, although enlargements of feldspar, hornblende, calcite, garnet, 
and tourmaline have been observed, and some of them frequently. 
This process of enlargement means that the component grains of a 
elastic rock are minerals still, and have the structure and potency of 
minerals. These minerals, originally produced in igneous or meta- 
morphic rocks, are taken from their original positions and deposited 
in a secondary rock. The beds are buried by overlying formations. 
Mineral-bearing solutions pass through the new rock, and each min­ 
eral fragment chooses from the solutions material like itself. This it 
attaches to itself in optical continuity, even though the time intervals 
between the first and second growths be indefinitely long. By this 
renewed growth crystal faces are often rebuilt. If the growth con­ 
tinues, the enlargement of a particle meets similar enlargements from
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other grains. By further growth these interlock, and finally fill up all 
the interspaces and perfectly indurate the rock.

The process of cementation is largely confined to the two higher of 
the three zoues of which we have knowledge the zone of fracture and 
the zone of combined fracture and flowage. When fully within the 
lower zone, it is not to be supposed that the particles are physically 
separate; therefore there is no opportunity for cementation.

INJECTION.

By injection is meant the penetration of a rock by a molten magma. 
The injected material may fill the larger crevices, such as those pro­ 
duced by fissility, jointing, faulting, or brecciation, aiid to some extent 
it may penetrate the interspaces between the individual grains of ordi­ 
nary sedimentary rocks. But it is probable that pure igneous injection 
between the mineral particles does not usually penetrate a great dis­ 
tance from a continuous mass of the magma.

It is believed, as will be seen below, that the process of injection 
passes by gradation into cementation. The forms which injection veins 
take are iii all respects similar to those produced by cementation, and 
veins produced by either process may have the same relations to the 
previous structure of the rock. (See pp. 684-685.)

Magmas of any kind may be an injecting material, but intermediate 
and acid rocks more frequently inject rocks in a complicated fashion. 
If the injected material penetrates between the grains, it may add a 
large amount of some new mineral. For instance, if iu a mica-schist a 
feldspar is plentifully added, it may be transformed into a gneiss. If 
the injections are parallel to regular planes of tissihty, the rock will not 
only be foliated but will be banded, the old layers having all of the 
original minerals, and possibly added new ones, while the spaces be- 
tu eeii the folia are composed almost wholly of the entering material. 
Such a banded rock may have an added complexity due to dikes of the 
same minerals which do not follow the lamination. In the more com­ 
plex regions, after a fiist injection, it has happened that there was 
complicated fracturing of the rocks, thus making new crevices. These 
have made the conditions favorable for a second injection, and this has 
followed. It is not improbable that in some regions there have been 
several distinct periods of fractunngs and injections. Observation 
has shown that injection is particularly likely to occur adjacent to 
bosses of igneous material, especially to great bathohtes of granite, 
syenite, porphyry, and other acid or intermediate rocks.

CEMENTATION AND INJECTION.

Pegmatization has been variously explained as the result of true 
igneous injection, of aqueo-igneous action, and of water impregnation 
or cementation during ordinary metamorphism. "For a long time the 
last two theories were generally supported. "Recently Brdgger 1 has

1 Syemtpegmatitgange der sudnorwegischen Agit und Nephelmsyemte, W C Brogger, Zeitschr fur 
Kryat, Band XVI, 1890, pp 215-235
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strougly enforced the idea that pegmatite veins aie true igueous in­ 
jections. In support of this idea he cites the undoubted frequent asso­ 
ciation of pegmatitic veins with intrusive masses of acid rock, and the 
fact that many of the pegmatitic veins behave like other eruptives, 
and that their structure is that of igneous rocks. That certain peg­ 
matites are eruptives seems to have been shown beyond question. In 
favor of a possible different origin for some pegmatites, it is to be 
noted that intrusive masses of rock would give favorable conditions in 
the adjacent rocks for impregnation by the aqueo-igneous process or 
by the ordinary metamorphic process, in either case furnishing a source 
from which the material could be drawn by warm percolating waters, 
and thus enable them to take large quantities of mineral matter in solu­ 
tion.

It seems to me that to adequately explain all the facts of pegmatiza- 
tion described in various regions of the world, we must conclude that 
all three processes have been at work in some cases igneous injection, 
in some cases aqueo-igneous action, and in other cases pure-water ceinen 
tation, and in still others combinations of two or all of these processes. 
It is further believed, that there maybe no sharp separation, but, ou 
the contrary, all gradations between the three that is, it is thought 
highly probable that under sufficient pressure and at a high temperature 
there are all gradations between heated waters containing mineral material 
m solution and a magma contaimny water in solution, fn other ivords, 
under proper conditions water and liquid rock are miscMc in all propor­ 
tions. From the water solutions true impregnation or cementation 
would take place; from the rock solutions, true injection. Pegmatiza 
tion may comprise these and the intermediate processes.

Indeed, is it to be expected that under great pressure and at high 
temperatures there will be any sharp line of demarcation between the 
processes of aqueous cementation and igneous injection 1? At the 
surface it is usually easy to sharply separate aqueous from igneous 
action, but deeper within the earth eveu the strongest rocks are latently 
plastic. At great pressure heated waters must have power to absorb a 
quantity of material far beyond that at the surface of the earth. Truly 
liquid rock is highly impregnated with water. It therefore seems not 
improbable that at considerable depths we may have, on the one hand, 
material which all would call water solution, and on the other hand, other 
material which all would call liquid rock, with no sharp division line 
between the two. If this be so there will be all stages of gradation 
between true igneous injection and aqueous cementation, and all the 
various phases of pegmatization may thus be fully explained.

This idea of continuity was first suggested to me by the phenomena 
observed in the schistose rocks surrounding the intrusive core of the 
Black Hills. Eemote from the iiitrusives the sedimentary rocks are 
mica-slates; adjacent to it they are mica-schists and mica-gneisses. 
The core rock is a great batholite of granite, 7 miles broad and 11
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miles long. Besides this central mass there are to tbe southwest a 
number of smaller masses, from 1 to 4 miles long, which may be con­ 
nected below with the greater mass. Prom tbe central mass great 
quartz-feldspar dikes radiate. In passing away from the core the dikes 
become smaller and have a less typical form. At tbe same time tbe 
material assumes tbe appearance which we ordinarily denominate as 
pegmatitic. These veins might be considered true igneous injections. 
Passing still farther away, the pegmatitic masses begin to have veiu- 
like characters that is, there is a rough concentration of the material 
in different layers parallel to the walls. In going,still farther away, a 
true banded-vein structure is found. In passing yet farther away, 
feldspar becomes less and less important iu the veins and the quartz 
more abundant, until remote from tbe granite tbe impregnating mate­ 
rial is mainly quartz. In the pegmatized area of schist, adjacent to 
the granite, there is also an extensive development of feldspar within 
the interspaces of the rock, changing it into a gneiss. If one examined 
only the outer zone, in which tbe quartz impregnations occur, he would 
not doubt that they were ordinary deposits from water; if be examined 
the masses of the inner zone, adjacent to the great granite mass, he 
would not doubt that they were true igneous injections; but passing 
back and forth from one zone to the other, he observes that there is 
every gradation between the two, and must reach the conclusion that 
true igneous injection was predominant adjacent to tbe mass; that m 
the central zone aqueous and igneous agencies were about equally 
important, and that in the outer zone aqueous agencies were predomi­ 
nant. It is impossible to believe that the larger dikes plainly off­ 
shoots of the central batbolite are not igneous injections; it is equally 
impossible to believe that the ordinary granite magma has penetrated 
to considerable distances between the individual grains of tbe schist 
and thus impregnated it with feldspar.

In tbe Lake Superior region, m some places there is a great develop­ 
ment of feldspar within the interstices of rocks, and in tbe crevices, of 
minute pegmatitic veins of quartz and feldspar where no granite mass 
has been discovered even by the closest detailed study, and where the 
rocks of lower formations are entirely free from granitic intrusions. 
In this case it seems clear that pegmatization has taken place during 
the metamorphism of the rocks, in connection with dynamic action, and 
without the assistance of any extraneous igneous material, and is there­ 
fore essentially aqueous. In contrast with this case is that described by 
Bro'gger in southern Norway, in which igneous injection satisfactorily 
explains all of the phenomena. It is to be noticed that in this region 
tbe process of pegmatization occurred at a maximum depth of 2,000 
feet, while much of it occurred at a depth varying from 100 to a few 
hundred feet. The more complex phenomena of pegmatization which 
can not be explained by igneous injection alone, so far as my observa­ 
tion goes, are m regions in which the rocks have been buried to a very 
considerable depth.
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METASOMATISM.

Metasomatism may be defined as the process of metainorphism by 
which original minerals are partly or wholly altered iiito other 
minerals, or are replaced by other minerals, or are recrystallized with­ 
out chemical changes, or one or all of these together. In the alteration 
of a mineral into other minerals, or in its replacement by other min­ 
erals, there may be addition or subtraction of certain constituents. 
As a result of the changes, the new rock may gain or lose variety in 
the minerals composing it. Either by the substitution of constituents, 
or by the loss of constituents and therefore concentration of other 
constituents, a rock may have a predominant mineral.

Under the same conditions that metasomatism transforms a rock it 
may be also modified by consolidation, welding, cementation, injection, 
or mashing.

Metasomatism may bo considered (1} from the point of view of the 
alteration of the original mineral particles, or (2) from the point of 
view of the minerals which are produced by the process of alteration, 
or (3) from the point of view of the texture of the rock produced.

(1) Alterations of original mineral particles. To trace out all the 
changes in the rock-forming minerals would require a treatise, but for­ 
tunately the abundant rock-forming minerals are few in number, and the 
more abundant minerals which result are also not numerous. The more 
common changes of the more common minerals are summarized below:

Opal, chalcedony, and quartz do not alter into other minerals, although 
they may be replaced by other minerals, and may furnish silica, in 
whole or in part, for replacing other minerals, or may furnish silica 
which unites with other compounds and assists in the modification of 
adjacent minerals. Opal may take on a crystalline condition aud 
become chalcedony or quartz. Actinolite, serpentine, and magnetite 
have been observed to replace quartz. In the case of the two former 
minerals, the manner of the replacing is such as to suggest that the 
serpentine and the actiuolite have eaten their svay into the quartz, 
since needles of actinolite and fibers of serpentine project into the 
quartz beyond the solid mass of these minerals. These relations 
suggest that the other constituents, with the exception of silica, were 
at hand or were furnished by percolating water out of which the ser­ 
pentine and actinolite formed, and that the quartz itself may have 
furnished the necessary silica to produce these minerals.

Feldspar alters extensively in a number of different ways. From the 
acid feldspars, with or without the addition of other constituents, 
quartz separates, and with this one or more of the tnicas, a more basic 
feldspar, or kaolinite. From the intermediate and basic feldspars, with 
or without additional substances, develop one or more of the minerals 
quartz, chloiite, zoisite, epidote. Some of the more common cases of 
alteration are as follows   Feldspar passes (1) into quartz and muscovite, 
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the secondary muscovite being frequently in minute flakes, which are 
often called sericite; or (2) into quartz, more basic feldspar, and musco­ 
vite; or (3), with loss of alkalies and alkaline earths, into quartz and 
kaolimte; or (4), with the addition of magnesium and iron, into quartz 
and biotite; or (5), with addition of iron and magnesium and loss of 
alkalies, into quartz and chlonte; or (6), with loss ot alkalies, into 
qnartz and zoisite or into quartz and epidote; or (7), into acid feldspar 
and zoisite. These alterations are not always distinct and separate in 
the same mineral. To illustrate, out of the same granule of feldspar, 
biotite, muscovite, another feldspar, and quartz may form. In a similar 
way other combinations may take place at the same time.

Amph'ibole most frequently alters into the uralitic form or into chlorite, 
and from this zoisite or epidote may develop. -Biotite also often results 
from the alteration of amphibole.

Aiujite frequently alters to hornblende, and from this secondary and 
tertiary minerals, as above, may be produced; or the augite may alter 
directly into chlorite, and from this zoisite or epidote may develop; or it 
may pass at once into biotite.

The micas, biotite and muscovite, as fraginental constituents, are 
usually permanent, although not infrequently the biotite may be 
bleached. The permanence of the fragmental constituents of this 
character is very natural, since, as seen by the foregoing, biotite and 
muscovite are minerals which are extensively produced from other 
minerals by inetasomatic processes.

In calotte a part of the calcium may be replaced by magnesium, and 
dolomite is produced. The carbon dioxide may be liberated and the 
calcium oxide may unite with other compounds, present or infiltrated, 
and form various complicated silicates, especially tremolite.

In place of dolomite, we may have, with loss of carbon dioxide and 
union of the magnesium and calcium oxide with silica, tremolite; when 
impure and by union with other substances, hornblende or other sili­ 
cates.

AnJcerite is here used to include minerals intermediate between dolo­ 
mite and siderite. In place of ankerite we may have (1) by loss of 
calcium, magnesium, and carbon dioxide, and gam of oxygen and in 
some cases water, magnetite, hematite, limouite, goethite, or turgite; 
or (13) with loss of carbon dioxide and union of the bases with silica, 
actinolite.

In place of sidente we may have (1) magnetite, by loss of carbon 
dioxide and with partial oxidation; (2) hematite, by loss of carbon 
dioxide and complete oxidation; (3) goethite, turgite, or lnnonite, by 
loss of carbon dioxide, complete oxidation, and hydration; and (4) 
gru'nerite, by loss of carbon dioxide and union of the iron protoxide 
with silica.

(2) Minerals produced ly alterations. The individual minerals pro 
duced by alterations and replacements will not be here given, as this
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would be but a repetition in a different order of the matter on the pre­ 
vious pages. However, it not infrequently happens that iii a given rock 
a single secondary mineral may be abundant or predominant, lu this 
case the process may be named by this predominant mineral. Some of 
the moie important of these processes are imcatizatioii, feldspanzation, 
amphibohtization (which would include actmohtization, griineritization, 
and urahtization), chloritizatioii, zoisitization, epidotization, femtiza- 
tion, and dolomitizatiou.

For the most part these processes are so well understood that they 
will not be here separately described. For the present purposes they 
are sufficiently outlined in the consideration, upon subsequent pages, 
of the individual metauiorphic rocks. A few words may, however, be 
said in refeience to some of them.

Silicification covers both the deposition of silica within the interstices 
of rocks and the replacement of other minerals by silica. Tn reality it 
is a combination of the cementation and metasomatic processes, using 
these terms in their broadest sense. As the original minerals change 
from one form to another, quartz may be produced by their decomposi­ 
tion, or silica may take advantage of the changing combinations, enter­ 
ing and occupying the places once held by the original minerals. Also 
crevices formed by dynamic action or otherwise are taken advantage 
of by silica and deposited either 111 opaline or quartzose form. Often­ 
times the larger amount of the silica comes from aii extraneous source. 
The quantity of silica thus entering may be so great as to produce rocks 
beanng 90 per cent or more of silica. The secondary silica may deposit 
as opal, chalcedony, or quartz, or as an intimate mixture of them. The 
areas of rocks affected by siliciflcation are oftentimes great, and the 
the process may transform the character of entire formations.

Among basic sedimentary rocks serpentine very often develops. Its 
manner of acting is similar to that of silica. It may occupy the 
crevices and cracks formed by dynamic action or in other ways, or the 
spaces between the constituent minerals, or, finally, the place once taken, 
by other minerals. Exactly as in the case of silica, material for the 
serpentine may be furnished in part or in whole by the minerals present, 
or the material of the serpentine may come from an extraneous source. 
Also, widespread formations may be extensively serpentmized, so as to 
give for considerable areas almost solid masses of serpentine.

(3) Textile of rocks produced. Tf the conditions are static and the 
processes of recrystalhzation are complete, there is a tendency to pre­ 
serve the original structure of the rock, whether it be massive or 
banded. If the static conditions were those of unequal stress in vari­ 
ous directions, the metasomatic minerals may have an arrangement 
with their shortest diameters in the direction of greatest stress, or with 
their readiest cleavage in one of the principal planes of stress.

Of the cleavable minerals, chlorite, biotite, and muscovite, the former 
is likely to form under static conditions. In proportion as dynamic
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action is important, biotite and muscovite often develop instead of 
chlorite. This relation may be studied in a formation which has been 
mashed in different degrees.

Usually, under static conditions the minerals interfere with one 
another in their development, so that crystal outlined particles are not 
produced, and for any given small area the structure may be as inter­ 
locking and crystalline as in the case of an ordinary igneous rock.

However, as will be shown below, when dynamic conditions are fol­ 
lowed by static conditions there is often a distinct tendency toward the 
development of porphyntic minerals. As the minerals rearrange them­ 
selves by metasomatic processes large individuals of certain minerals 
may develop in the interspaces between the other minerals, often inclose 
the other surrounding minerals, or else absorb the material of which 
they are composed, and thus grow by their destruction. Such minerals 
very commonly have crystal outlines. The more important minerals of 
this kind are mica, chiastolite, garnet, staurolite, feldspar, tourmaline, 
cyamte, flbrolite, chlorotoid, and hornblende. In this class of min­ 
erals a single individual may be larger than hundreds of individuals 
of the background. The individuals sometimes reach a magnitude of 
several inches, and those of an inch in diameter are common. The 
minerals mentioned differ in their capacity to absorb the other minerals 
which before occupied the space they now occupy In proportion as 
they lack capacity to absorb the constituents of prior minerals, they 
have the capacity to grow around and inclose them, so that a single indi­ 
vidual may be a large, reticulating, honeycombed mass which incloses 
a large amount of other material. In some cases the inclosed material 
may be several times as great in quantity as the host. As minerals 
conspicuous for their capacity to include other minerals may be men­ 
tioned audalusite and staurolite; occupying an intermediate position 
are garnet and feldspar, while tourmaline usually does not contain any 
considerable quantity of the prior minerals.

Often the porphyritic minerals show a distinct zonal structure, com­ 
parable m every way to the zonal structure sometimes shown by 
minerals in igneous rocks. The zonal structure is frequently seen iu 
minerals having a varying composition, as, for instance, garnet, and 
is rare or has not been observed in minerals having a rather definite 
chemical composition, as, for instance, staurolite. It is believed that 
this zonal structure is due in most cases to the varying composition 
of the mineral solutions or adjacent minerals, or both. In some cases 
there may have been an actual cessation of growth and later a renewed 
growth. In this case the renewed growth is analogous to the process 
of enlargement of fragmental mineral particles.

The porphyritic minerals usually show no evidence of pressure or of 
dynamic movements unless orogenic forces have been at work since 
their formation. However, such minerals develop chiefly in schistose 
rocks which have before suffered profound dynamic action. Often
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accompanying the movements great masses of intrusive rock have 
appeared, and under these circumstances the secondary porphyritic 
constituents are particularly likely to be found. Considering these 
facts, and also that the minerals themselves show no dynamic effects, 
it appears highly probable that they have developed under nearly 
static conditions after strong movements have ceased, but while the 
solutions present were heated either mechanically or by the intrusives, 
or both. Perhaps the most conclusive evidence of this is furnished by 
mica, chlonte, and chlorotoid, which in some cases occur in large, well- 
defined crystals, with their cleavages at right angles to the schistosity 
of the rock. Thin sections in some cases show that the crystals have not 
been strained. This occurrence is finely illustrated in the Manhattan 
schist of New York and also in the mica-schist of the Upper Huronian 
in the Lake Superior region. Had the rock been subjected to impor­ 
tant interior movement since the development of the crystals, it is not 
probable that they would have their present positions.

That the porphyritic minerals are statically developed is still further 
indicated by the frequent appearance of them in a somewhat regular 
but by 110 means invariable order as the degree of metamorphism 
increases. Variations in their order of appearance and the appearance 
of certain minerals in some cases in preference to others are largely 
explained by differences in the original composition or the structure of 
the metamorphosed rock. In the feebly metamorphosed rocks chiasto- 
lite often first appears. This mineral is frequently found in cleavable 
slates. As the metamorphism becomes a little more intense garnet is 
found. This mineral may be abundant in the mica-slates. As the 
metamorphism goes still further staurolite develops. This mineral with 
garnet is abundant in the mica-schists. At the same time chlorite may 
appear; feldspar may come m simultaneously or before, but is usually 
later than the garnet and staurolite. In a further stage of meta- 
morphism ottrelite and cyanite appear. These may bo found in the 
mica-schists, and particularly characterize the mica-gneisses. In the 
extreme stage of metamorphism hornblende and mica are abundantly 
found. Abundant new tourmaline usually marks a somewhat advanced 
stage of metamorphism, and often is present in the schists peripheral to 
intrusives, and especially granite. The different areas are not usually 
sharply defined, but grade into one another, and the most intensely 
metamorphosed area may contain all of the minerals developed by 
feebler metainorphic processes. This is to be expected, for, by the sup­ 
position that the porphyritic minerals developed at the time of unusual 
heat, during heating and cooling the conditions would be successively
favorable for the formation of each of the minerals.*

In the case of regional metamorphism, when dynamic action ceased 
the conditions would be favorable first for the development of min­ 
erals requiring high temperature, and would be successively favorable 
for the formation of minerals requiring lower and lower temperatures.
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In the case of metamorphisrn produced by intrusion, for the zone 
nearest to the igneous rock there would be successively the conditions 
for the formation of minerals requiring least heat, more heat, and most 
heat, and then again, as the mass cooled, for those requiring less heat 
and least heat. During the heating process the porphyritic minerals 
first developed might later be transformed into other minerals requiring 
a higher degree of heatfor their development, as described by Emerson. J 
In the remote areas affected by the intrusion only the minerals requir­ 
ing the least heat would develop.

MASHINO.

Under mashing is included the process which is usually described in 
geological writings under the terms dynamic inetamorphism and shear­ 
ing, the authors meaning by the latter differential movement along 
certain parallel planes. However, it is not usually recognized that 
shearing parallel to one plane is invariably accompanied by shearing 
transverse to this plane. Nor is it generally understood that pure 
shortening is possible only by shearing along two sets of intersecting 
planes, each set being inclined to the direction of shortening. In other 
words, m the cases ordinarily described as shearing, there is really 
shearing along at least two sets of intersecting planes, and shortening 
in another direction. (See pp. 036-640.) As the term shearing is ordi­ 
narily used, it seems to be assumed that the structure produced by the 
movement develops in the shearing planes, when, as shown on previous 
pages, this may or may not be true. In the zone of flowage mashing 
occurs, and the secondary structure develops in the normal rather than 
111 the shearing planes. In the zone of fracture the secondary structure 
develops in the shearing planes. For the foregoing reasons the term 
mashing is introduced to cover the deformation of pure shortening and 
the more complex deformation of pure shortening accompanied by 
shearing motion. It is hoped that shear and shearing may be restricted 
to their proper usage.

In the treatment of folding, cleavage, and fissility it has been shown 
that layers are deformed by plastic flow, by fracture, and by accommo­ 
dations between them, but each of the beds of a formation or a series 
of formations has a considerable thickness, and in the deformation not 
only must readjustment occur between the beds but rearrangement 
within the beds themselves. When individual minerals are pressed or 
pulled to a sufficient extent they are deformed by flow or fracture or 
bending, or two or all combined, and thus are adjusted to their new 
positions. (Fig. 101 and PI. CXV.) This deformation may be partly 
accomplished by the rearrangement of the mineral particles with 
respect to one another.

1 Porphyritic and G-neissoid Granites in Massachusetts, by B K Emeison Bull Geol, &oc Am' 
Vol I 1890, pp 559-561
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The process may go so far as to much flatten the grains by flowage 
or to produce peripheral or entire granulation of the individual orig­ 
inal grains. In different cases all phases of the latter may be seen, 
from slight undulatory extinction, through fracturing, to the well-known 
peiiphcral granulation and to the condition 111 which all the grams of 
all the minerals are wliolly granulated. Not only may all the minerals 
and combinations of minerals thus be flattened by flowage or granula­ 
tion, but the resultant layers or particles may be intermingled to some 
extent, and thus we may have laminated or foliated schists with a regular 
alternation of minerals of different kinds or combinations very similar to 
what has often been taken to be bedding. If the original rock was a 
coarse conglomerate and the nietainorphism is complete, each pebble 
makes a lamina of a different kind fioni those adjacent, and thus gives 
the rock a banded character.

Under the same conditions in which mashing occurs, consolidation, 
welding, cementation, injection, and metasomatism are doing their part, 
and probably more actively than under ordinary conditions. That con­ 
solidation is at work is plain. The thrust causing mashing may also 
produce welding. The movements in the outer parts of the crust form 
numerous cracks, which at once give access to water, heated probably by 
dynamic action and therefore rich in solutions, and hence conditions are 
favorable for cementation and injection. That dynamic action promotes 
metasomatic change is well known. Under such circumstances the 
alteiation of the old minerals to new ones permanent under the new 
conditions goes on with great rapidity.

While pebbles or minerals are frequently spoken of as stretched, for 
the most part this term can not be applied in the same manner that it is 
to mdia rubber or steel, for most minerals pass their elastic limits 
by comparatively slight deformation. Consequently, m closely folded 
rocks the deformation is mainly not by the molecular strain of elas­ 
ticity, but by the processes above described. As has been seen under- 
Cleavage and Fissility, when beds are deformed the flattening, rota­ 
tion, and development of new minerals all combine to develop a parallel 
arrangement with longer axes or cleavage, or both, in a common direc­ 
tion, thus producing rock cleavage, or fracture occurs along shearing 
planes, thus producing fissility. The rocks therefore acquire the prop­ 
erty of slatiness or schistosity, and the process which produces these 
properties is niashiug. There are found, of course, all stages, from 
the stage in which a thin layer of slate or schist is produced across, 
within, or between beds, to that in which all or nearly all of the rock is 
changed from its ordinary character to a slaty or schistose one.

Under stress different beds, pebbles, and grains act differently, 
depending upon depth of burying and upon texture. There are there­ 
fore the same cases here as under cleavage and flssihty. These are the 
interior movements of both homogeneous and heterogeneous rocks in 
the zone of flowage and the zone of fracture. A rock which as a whole
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is so deeply buried as to essentially obey the law of flow, may accom­ 
plish this result largely by the fracturing of the individual mineral 
grains as well as by their rearrangement and plastic deformation.

From the foregoing it is plain that slates and schists are the con­ 
joint product of one or more of the processes of mashing, metasomatism, 
injection, cementation, welding, and consolidation.

Deformation in the zone offloivage. Minerals deformed in the zone of 
flowage show no interspaces under the microscope, but their remark­ 
able shapes, undulatory extinction, and granulation in polarized light 
give evidence of their change of form (fig. 101). If the beds are homo­ 
geneous and are composed of particles of small size they may approach a 
uniform viscous liquid in their character and obey the laws of plastic 
flow. Since in most cases the stress is unequal in three dimensions, 
there is a direction of greatest pressure; at right angles to this is a 
direction of mean pressure, and at right angles to these two a direction 
of least pressure. Plastic material composed of particles of small but 
measurable size, when placed under these forces, may be lengthened in 
the direction of least pressure and shortened in the direction of great­ 
est pressure, and one or the other in the direction of mean pressure, 
depending upon its power. As a consequence, the particles will be 
arranged with their greater, mean, and minor diameters correspond­ 
ing to least, mean, and greatest pressures. Also if new minerals 
develop they will form, according to the same law, with their major axes 
in the direction of least pressure, their mean axes in the direction of 
mean pressure, and their minor axes in the direction of greatest pressure. 
In proportion as the flow is differential, parallel to a certain plane, the 
mineral particles will be rotated by the shearing motion from a posi­ 
tion at right angles to the direction of greatest normal pressure, 
although at any given time the mineral particles will tend to develop 
with their longer axes at right angles to the maximum pressure.

Under the subject of Cleavage and Fissility it has been seen that 
under different circumstances the direction of the cleavage dependent 
upon mashing may be at right angles or parallel to bedding, and that 
in heterogeneous rooks it may vary from one to the other within com­ 
paratively short distances or within a single bed.

It is believed, for the same reasons applicable to cleavage (see pp. 
636-C41), that in most cases of widespread uniform slates and schists the 
structure originally develops, as above described, in the normal planes 
rather than in the shearing planes. If tins be true, it is objectionable to 
describe slaty and schistose rocks as sheared, with the implication that 
the structure is in the shearing planes.

Deformation in the zone of fracture. In the zone of fracture it has 
been shown that fissility is produced. ^The relations which this struc­ 
ture has to bedding have been fully given (pp. 656-C59). By the rubbing 
of the laminte over one another the mineral particles tend to become 
arranged with their longer axes parallel to the planes of greatest flssility,
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whether these are across the bedding or parallel to it. The individual 
grains take these positions as a result both of fracture and of rotation. 
If the movement continues long enough each grain will have its greatest 
diameter nearly in the plane of flssihty and in the direction of greatest 
movement, its mean diameter iu the same plane and at right angles to 
the greatest diameter, and its least diameter perpendicular to the plane 
of flssility. If the flssility developed along a previous cleavage the 
mineral particles were previously arranged with their longer axes in 
the planes of flssility. If so, this arrangement may be emphasized by 
the differential movement between the laminae.

In the elongation of the grains 111 the major plane of shearing or fls­ 
sility they may be stretched in a direction cutting this (figs. 129 and 
130), and thus a set of tensile fractures may be produced. In the case of 
these parallel tensile fractures cutting the fissihty, the latter structure 
may form, and probably very often has formed, secondary to a previous 
cleavage. The phenomena of tensile parallel fractures are particularly 
well shown iu certain of the Black Hills quartz-schists a.nd in some of 
the Adirondack mica-gneisses. In the gneisses the parallel cracks 
traverse both the quartz and the feldspar fragments.

In more numerous cases there are two sets of compressive fractures 
across the mineral particles, cutting each other, and in some instances 
these intersect the slatmess or schistosity. These cases are explained 
by fractures along the two sets of shearing planes. When they inter­ 
sect a cleavage it is probable that the rock was first in the zone of flow- 
age. Under these conditions cleavage developed in the normal planes. 
Afterward the rock passed into the zone of iracture, and two sets of 
intersecting planes of fracture were formed across the cleavage. If the 
direction of stress be inclined to the cleavage, as is usually the case, 
one of the sets of shearing planes is controlled by the previous cleav­ 
age, as described above, and a fissility develops along the cleavage 
planes.

The tendency to produce fractures across the mineral particles along 
parallel planes may be modified by the texture of the rock. The forces 
are nowhere received by any individual grain exactly in the average 
direction. The combination of forces which affect each grain or frag­ 
ment is a function not only of the direction of the larger movement but 
of the particular way in which the part of the forces which acts upon 
the particle is transmitted to it. Hence, one could not expect in any 
case that there would be perfect legnlarity in fracturing, but merely 
that there might be a general parallelism.

The tendency for the particles to break in parallel directions would 
be further modified by the cleavage of themmerals. Instead of respond­ 
ing to the forces like a homogeneous substance, the much greater ease 
of breaking along certain planes of cleavage, rather than along other 
planes, would often be the controlling factor, the forces being resolved 
into those parallel and perpendicular to the cleavage. Therefore, unless
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the mineral particles have similar axial orientations, it is not to be 
expected that m rocks composed of readily cleavable minerals the veri­ 
fication of the law of parallel fractures will be found. On the other 
hand, in the case of difficultly cleavable minerals like quartz it should 
more frequently be found to apply, and such is the fact. Quartz rocks 
which have been subjected to crushing pressure often show a marked 
tendency to fracture in one set or two sets of right-angled planes. That 
this is not mineral cleavage is shown by the fact that the planes of 
fracture sometimes run across entire sections without reference to the 
orientation of the individual grams.

While the parallel fractures above described are rather frequently 
noted where the movements along the shearing plaues are compara­ 
tively slight, upon the whole they must be considered the exception 
rather than the rule. Ordinarily, where thcie is adecidedfissility, for the 
reasons just given the fracturing of the mineral particles is irregular, 
producing granulation.

The cracks formed along the planes of flssihty by the slipping of tlie 
lamiuie over one another, and the more minute cracks formed by the 
complex fracturing of the individual minerals, may "be healed by weld­ 
ing or cementation. The cracks within and between the grains may 
be cemented by substances the same as or different from the minerals 
cemented. If the cementation be imperfect, secondary gas or liquid- 
filled cavities may be formed. Usually the broken fragments are some­ 
what displaced, but occasionally, in the case of parallel fractures, the 
particles are broken apart and left very nearly in their original relative 
positions, in which case the healing may be so perfect that the fact 
that the rock has been fractured may be shown only by the gas or liquid- 
filled cavities and by the secondary inclusions. Thus are explained 
many of the inclusions in cavities which are so frequently noticed to 
occur along regular parallel planes.

In many cases the cementation of the fissile lamina} fills the cracks 
with secondary materials, ami the cementing mineral or minerals in a" 
 given case are usually different, 01 in different proportions, from the 
minerals of the adjacent lamina?, and hence there is a tendency to pre­ 
serve and emphasize the laminated arrangement (PI. CXVII). Igneous 
injections would perform the same healing function and also give the 
rock a banded character. In either way, or by a combination of the 
processes, a rock may be formed having a regular alternation of layers 
of differing characters, the structure having no relation to original 
bedding.

METAMORPHIC SEDIMENTARY ROCKS

It is not the intention to consider all the metauiorphic forms of 
sedimentary rocks, but merely those which constitute important pre- 
Cambrian rock masses.
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ROCKS MODIFIED MAINLY BY CONSOLIDATION AND WELDING.

The effects of consolidation upon the various for ins of conglomerates, 
sandstone, grits, and shales are so well known that nothing need be 
said. Deeper withm the earth it is probable that the grams are not 
only brought into close contact, but are actually M elded.

ROCKS MODIFIED MAINLY BY CEMENTATION, ASSISTED BY 

CONSOLIDATION.

Usually cementation works in conjunction with consolidation. The 
latter is important in the finer sediments, and assists in the coarser 
sediments. In the finer sediments cementation may be as important 
or more important than consolidation, and is far more important in the 
coarser sediments. The ordinary sandstones aie mainly indurated by 
consolidation and cementation. The more common cementing materials 
are iron oxide, calcium carbonate, and silica. Any one of these may 
be the chief cementing agent, or two or three may be combined. Iron 
oxide is a weak cement. Calcium carbonate is of medium strength, 
and silica is a strong cement. Bach of these cementing substances 
may attach itself to old grains of like composition, or it may separate 
as an independent mineral in the interstices.

Quartzite. One of the most important rocks produced by the cemen­ 
tation process is quartzite. The term quartzite is here restricted to 
quartzose sandstones which have been so firmly indurated by the 
cementing process that when broken the fractures pass through the 
original grains and not around them. Less firmly cemented rocks may 
still be called sandstones. In the production of indurated sandstone 
and quartzite the quartz may be deposited either as enlargements of 
old grains or as independent interstitial material. In either case the 
induration may be so perfect that a vitreous quartzite is produced. 
In many parts of the continent the process of cementation has trans­ 
formed fiom sandstone to quartzite extensive areas, each covering 
hundreds or thousands of square miles, and of widely differing geolog­ 
ical ages. These quartzite formations vary in thickness in different 
places from a few feet to as much as 12,000 feet. If we suppose a 
sandstone to be composed of spherical grains of quartz of equal size, 
the particles being packed as closely as is possible, the amount of new 
quartz required to completely fill the interspaces is, as calculated 
by E. S. Woodward, moie than one-third of that occupied by the 
original grams. In no sandstones are these conditions fully realized, 
for the. grains of sand are of different sizes, and there is also in the 
interstices more or less extraneous material. On the other hand, it 
is not likely that the grains are packed by natural processes m the 
most compact manner possible. If we suppose the space to be reduced 
by one-half, the amount of quartz added is still one-sixth of the amount 
of that originally existing m the rock. It is therefore certain that
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the amount of secondary silica required to indurate such great quart- 
zite formations as occur in the Paleozoic and pre-Paleozoic of the con­ 
tinent is enormous. That required for vein tilling is inconsiderable as 
compared with this. Many of the cemented quartzites show little or 
no evidence of strain, which proves that dynamic action has not been 
potent in the induration. Neither is there any evidence that a high 
degree of heat is requisite to dissolve the silica, or to deposit it as quartz 
upon or between the old grains.

Ariose. In an arkose the infiltrated material may enlarge both the 
feldspar and the quartz, or crystallize independently. Graywackes 
may also owe their induration almost wholly to this process of cemen­ 
tation. One of the chief infiltrated minerals which indurate this class 
of rocks is quartz, but feldspar, chlorite, calcite, and femte all play an 
important part.

BOCKS MODIFIED LARG-ELY BY INJECTION, BUT ASSISTED BY CON­ 

SOLIDATION, CEMENTATION, METASOMATISM, AND MASHING.

All of the classes of rocks described as inetarnoiphic on the previous 
and following pages may be subjected to the process of injection. 
Usually that form of injection or cementation known as pegmatization 
has occurred only among rocks which are profoundly metamorphosed, 
and especially by the process of mashing. If pegmatization occurs with­ 
out extraneous igneous injection it can be expected only m the cases 
of extreme inetamorphisin. Therefore, sandstones, graywackes, slates, 
quartzites, and similar little-metamorphosed rocks are rarely pegma- 
tized, while on theother hand quartz-schists, mica-schists, mica-gneisses, 
and impure marble are often pegmatized. The processes of alteration 
are those described under the other headings, with the addition of the 
injected or infiltrated pegmatitic material. As the material of the peg­ 
matite is more often quartz and feldspar than any other minerals, the 
schists are often transformed to gneisses, which may be merely lami­ 
nated or may be banded, this depending upon the degree to which the 
pegmatizing process goes.

BOCKS MODIFIED MAINLY BY METASOMATISM, CEMENTATION, AND 

CONSOLIDATION, BUT ASSISTED BY MASHING.

Orayicuche and graywacke slate. Graywackes and graywacke-slates 
are produced from grits and mudstones. The grit may be composed 
almost wholly of quartz and feldspar, when it may be called au arkose, 
or with the quartz and feld&par there may be a great variety of other frag- 
mental minerals, among which mica, pyroxene, and auiphibole are im­ 
portant. These may be either simple fragments or complex fragments 
derived from fragmental rocks, from the crystalline schists, or from the 
igneous rocks. The process of induration, so far as the quartz is con­ 
cerned, is the same as in the modification of sandstones to quartzites. 
The old quartz grains ave enlarged and in the interstices new quartz is
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deposited, thus firmly cementing the rock. Other cements, such as cal- 
cite and ferrite, may be present. In the arkoses the induration may be 
 wholly by the infiltration of the quartz, as already indicated, combined 
with the enlargement of the feldspar grains. More commonly the feld­ 
spar partly or wholly decomposes. Its most frequent alteration is into 
chlonte and quartz, or mica and quartz, although from it any of the min­ 
erals or combinations of minerals given as produced by the decomposi­ 
tion of feldspars (pp. 689-G90) may be produced. Where there was little 
mashing chlo'rite is apt to be abundant. As mashing becomes impor­ 
tant mica appears instead of chlorite. The fragmental pyroxene and 
hornblende may be decomposed, producing various secondary minerals 
(see p. 690). The complex fragments may alter in many ways. To 
describe them would be to give a treatment of the alteration of min­ 
erals. The final result of the alteration is to produce a consolidated 
rock which may have a very great variety of mineral constituents. One 
of the most characteristic features is, however, as indicated by its name, 
its gray color. If the original rock be fine-grained, the rock may have 
a structure somewhat similar to a slaty structure parallel to the bed­ 
ding, and it may be called a gr^,y\vacke-slate. While the new minerals 
may have something of a tendency to similar orientation, they usually 
do not become regular parallel. The slight tendency toward a parallel 
arrangement usually accords with bedding, but m some cases it may 
not do so. The banded character of the original rock is ordinarily pre­ 
served, even if all of the decomposable detrital minerals are altered into 
new ones.

Ferruginous chert and j<lsp^l^te. By ferruginous chert is meant all that 
class of rocks composed of the various iron oxides and chert. Chert is 
used to cover silica in its opaline, semicrystallme, or completely crys­ 
talline, qnartzose form. Chert differs from quartzite, however, in being 
nonfraguiental. Some common names applied to different phases of 
the ferruginous cherts are ferruginous slate, hernatitic slate, and limon- 
itic slate. These rocks are often produced fiom siliceous sidente 
or ankerite by the decomposition of the iron carbonate and the partial 
or complete oxidation and hydration of the protoxide of iron, com­ 
bined with the rearrangement of the particles, and frequently the 
introduction of silica. Where the constituents of the rock are not 
extensively rearranged the original regular stratiform arrangement of 
the siderite is preserved, and the rock is called a ferruginous slate. As 
the rearrangement goes further, oxide of iron is apt to become concen­ 
trated in bands, alternating with bands which are predominantly chert. 
Also in this stage a concretionary nodular or geodal character is apt to 
be developed, and then the material may be called banded ore and 
jasper, or chert with bands and shots of ore. In the earlier stages fre­ 
quently the silica, as in the original rock, is partly opaline, and as the 
rearrangement becomes more nearly complete the silica takes the form 
of finely crystalline, interlocking quartz. Bach individual grain may
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become coated with a film of hematite, thus giving it a red color. In 
this case banded iron oxide and jasper tire produced, called by Wads- 
worth jaspilite. These processes are best illustrated by the iron- 
bearing formations of the Lake Superior region.

Grimerite-schist. Grunerite-schist is a rock consisting of interlocking 
grunerite and quartz, with or without magnetite, other iron oxides, and 
accessories of various kinds. It is often produced from siliceous sider- 
ite. By the decomposition of the iron carbonate the iron oxide is set 
free. In part it takes on more oxygen and becomes magnetite, and in 
some cases hematite. In part it unites with silica present or with that 
introduced to form iron silicate or grunerite. At the same time a part of 
the original silica usually recrystalhzes as quartz, and often silica is 
introduced from an extraneous source. The process is then one of met­ 
asomatism. Very frequently there is a greater or less concentration of 
the quartz, so that the rock consists of alternate bands. In one set of 
these bands grunerite is abundant or predominant, in the other it is 
sparse. The grunerite needles are not parallel, although their longer 
axes may have a tendency to he in similar directions. More often than 
not this arrangement accords with bedding. While the rock is spoken 
of as a schist, there is very imperfect cleavage, if any, although the 
rock parts more readily parallel to alternating bauds of grunerite and 
quartz than in other directions. (Iriuiente-scliists very often are appar­ 
ently assisted in their development by igneous mtrusives. It may be 
suggested that these igneous rocks have at once prevented the access 
of oxygen sufficient to completely peroxidize the iron, and have pro­ 
duced hot solutions bearing an abundance of silica, which, favored by 
the heat, have largely united with the iroii present, and therefore 
developed the grunerite. The chief known areas of griinerite-schist 
are within the iron-bearing formation of the Lake Superior region.

Aotinolite-scMst. Actinolite-schist is a rock consisting of interlocking 
actinohte and quartz, with or without magnetite, other iron oxides, and 
accessories of various compositions. Actinolite-schist develops from 
siliceous ankerite in a way precisely similar to the development of 
griinerite-schist from siliceous siderite. The only difference is that a 
part of the silica unites with the calcium, magnesium, and iron to make 
actinohte. As the conditions for the production of actiuolite are incom­ 
plete oxidation of the iron and abundance of silica, it naturally follows 
that the residual iron oxide usually develops into magnetite, as in the 
case of the griinerite-schists. A part of the silica originally present or 
that brought in by solution separates as completely crystalline quartz, 
and as a result of the processes we have an interlocking crystalline 
mass of actinohte and quartz, or of actinohte, magnetite, and quartz  
that is, actinolite-schist, or magnetite-actinolite-schist.

The quartz is usually concentrated to a considerable extent in bands, 
as a result of which the rock consists of mterlammated layers of quartz 
containing little actinohte and magnetite and layers composed largely 
or predominantly of actinohte and magnetite, with some quartz.
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These rocks have been, most extensively observed m the iron-bearing 
formations of the Lake Superior region, avid further, they have devel­ 
oped most abundantly in the areas where there are numerous cutting 
and inter stratified intrusive rocks, the cause being the same as in the 
case of griinerite. The mineral particles, in their orientation- and 
arrangement in lefereuce to bedding, are very similar to those in grii- 
nerite- schist.

Hornblende-schist. Hoinblende-schist may be pioduced from an 
impure dolomite or ankente, the process being essentially the same 
as in the production of actmolite-schist or actinohte-magnetite-schifet; 
only, on account of the greater multiplicity of bases present, horn­ 
blende is produced rather than actmolite.

Marble. That limestone is often changed to marble is well known. 
The change may occur as a metasomatic one, as a consequence of the 
intrusion of igneous rocks, or as a result of dynamic metamorphism. 
When the transformation of a limestone to a coarsely crystalline 
marble occurs the impurities present develop at the same time into 
various silicates, among which garnet, the micas, pyroxene, auiphibole, 
and serpentine are important. In some cases, at least, as shown by 
Merrill, the serpentine is secondary to the pyroxene.

Where the beds of marble occur interlamiuated with other rocks, 
which are modified only by consolidation, cementation, and metaso­ 
matism, it appears clear that the process may have taken place without 
mashing. In some cases the depth at which the change took place was 
not great, and in all probability the tempeiature was comparatively 
low. The recrystallization doubtless occurred through the assistance 
of water. That such a transformation should occur is not surprising, 
as it is known that limestone forming in warm localities at the present 
time, by the assistance of water, quickly assumes a granular crystal­ 
line condition.

When marble is intruded by igneous rocks it is plain that the nec­ 
essary conditions for its recrystallization exist heat and warm solu­ 
tions. That recrystallization does occur under these conditions is 
known, not only from observation at numerous localities, but by experi­ 
ment. In proportion as the limestone is deeply buried and the intru­ 
sive mass is large the area oi limestone changed to marble increases in 
size, and in the case of great intrusive bosses the area transfoimed 
may be large. In both of the above cases the recrystallization is con­ 
ceived to have occurred under essentially static conditions.

However, the coarser and more extensive beds of marble are gen­ 
erally in regions in which there has been strong dynamic action. 
Usually the marble beds between layers of crystalline schists do not 
show cleavage or fissility, although such a structure is more likely to 
appear as the marble becomes impure. While the folding was taking 
place it must be believed that the particles of the limestone moved 
over one another, although perhaps this relatively soft substance acted 
more like a viscous body than did ordinary clastic rocks. However
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this may be, after dynamic action had ceased there was probably 
sufficient residual heat to recrystallize the calcium carbonate under 
static conditions into a completely granular rock. Doubtless the 
process was promoted by hot solutions. The fact that the altered lime­ 
stone takes a massive crystalline character similar to that which it 
assumes m contact with an igneous rock is confirmatory evidence of 
the supposition of static conditions at a higher temperature than nor­ 
mal. The supposed static recrystallizatiou of marble has its parallel 
in the fragmental rocks in the development of large crystals of garnet, 
staurolitc, aiid other porphyritic minerals.

From the above it is not to be inferred that marble never shows 
evidence of cleavage or flssility. If before or after recrystalhzation it 
be deformed, and afterwards does not again recrystallize, the lock may 
show a brecciated, laminated, or schistose structure, and the individual 
crystals of calcite or dolomite may be thoroughly granulated.

KOGKS MODIFIED LARGELY BY MASHING, BUT ASSISTED BY METASO­ 

MATISM, INJECTION, CEMENTATION, WELDING, AND CONSOLIDATION.

Schistose quartzite and quartz-schist. Schistose quartzites aud quartz- 
schists are produced from quartzose sandstones or quartzites. The 
processes of mashing and cementation may go on together in the little 
altered sandstone, or the sandstone may first be cemented to a quartzite 
and a later movement, combined with cementation and metasomatism, 
may develop from it a schistose quartzite or quartz-schist. At many 
places all stages of gradation may be seen. These stages may be best 
observed in a region not too strongly folded, for here, on the crests and 
in the troughs of the folds, there will have been but little readjustment, 
while on the limbs of the folds, and especially between the beds, the move­ 
ments may have been considerable, and thus on the crests and 111 the 
troughs of the folds and m the center of the beds the least changed rocks 
will be found, while at the outer parts of the beds and on the limbs of 
the folds a completely crystalline schist may be formed. In the least 
mashed phase the quartz grains may be but slightly flattened or rotated 
from their original positions. In passing to a more altered phase regu­ 
lar lines of fracture may occasionally appear at right angles to each 
other. As the pressure becomes stronger granulation begins, which first 
affects the exterior of the grains, but finally entirely destroys them. 
At the same time in the interstices new quartz and perhaps secondary 
mica may have developed from the impurities, and thus there will be 
formed from an ordinary sandstone or quartzite a completely crystalline 
quartz-schist or micaceous quartz-schist, showing no sign of fragmeutal 
origin. Occasionally the entire rock may recrystallize later under static 
conditions and produce a quartz rock showing little or no strain effects.

The mineral particles have a decided tendency to a parallel arrange­ 
ment. In proportion as this tendency appears the rock passes from a 
quartzite to schistose quartzite, and finally into quartz-schist.
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Slate and mica-slate. Slate and mica-slate develop irorn fine-gramed 
argillaceous rocks, the chief constituerlts of which are usually quartz 
and feldspar. The feldspar alters into quartz and mica. From a single 
fragmental grain of feldspar aie produced many individuals of interlock­ 
ing quartz and feldspar. At the same time these minerals form in the 
interstices, and interlock with each other and with those produced from 
the fragmeutal grains, so that a completely crystalline interlocking 
ground-mass of mica and quartz is pioduced from an arkose. If large 
fragmental grains of quartz are not present to indicate the clastic char­ 
acter of the rock, the secondary interlocking quartz and mica do not 
betray this. The mineral particles, and especially mica, have a well- 
developed parallel orientation, with their longer axes and cleavage in a 
common direction, and to this is largely due the capacity of the rock to 
cleave. As mashing continues the rock may become schistose, and as 
metamorphism progiesses it finally passes into a mica-schist.

Mtca-scMst. Mica-schists ordinarily develop from a shale, arkose, 
grit, or conglomerate. Just as in the case of a mica-slate or quartz- 
schist, all stages of the change, may be seen. We have here, besides the 
decomposition of the quartz-schist into quartz and mica, the granulation 
of the quartz and feldspar. The process is essentially the same as 
the development of a mica-slate by metasomatism, except that the frag­ 
mental quartz grains are destroyed by mashing, and the fracturing of 
the feldspar by dynamic action greatly promotes decomposition. The 
process takes place in its perfection the more easily and with less 
dynamic action m proportion as the rock is fine grained. Thus, a shale 
may completely change to mica schist, while an interbedded coarse­ 
grained grit may still reveal evidence of its fragmental origin. In the 
same way a conglomerate may have its matrix completely changed to a 
mica-schist, and the resistant pebbles be merely deformed; but in the 
case of extreme alteration the most resistant and largest pebbles and 
bowlders are entirely destroyed. Large bowlders may be observed in 
different stages, from oval forms (PI. CXV), through greatly elongated 
and widened fragments, to forms in which the greatest diameters are 
several times the normal (figs. 155 and 150). In this case the rock, when 
broken parallel to the direction of greatest movement, appears to be a 
perfectly crystalline gneiss or schist, but at right angles to this direc­ 
tion still plainly shows its conglomeratic character. As the process 
goes on the pebbles and bowlders are flattened more and more, until 
they become thin lenticular masses, perhaps scarcely thicker than card­ 
board. When the process has gone as far as this the material becomes 
so mingled with that of the matrix that it is difficult to exactly define 
the outlines of the fragments, and, finally, as the process continues, no 
evidence of the pebbles and bowlders is left. In their places are thin 
strata of material of a mineralogical character different from that of 
the adjacent lamina}. At the same time that this extreme mashing is 
going on, the rock takes on more and more a finely laminated character. 

16 GBOL, PT 1  45



706 PRINCIPLES OF NORTH AMERICAN PRE-CAMBRIAN GEOLOGY.

At various steps of the process the matrix may be in turn mica-slate, 
mica-schist, aud foliated mica-schist. lu proportion as the process con­ 
tinues the mineral particles more nearly approach a parallel orientation, 
instead of a part of them winding in and out about the more refractory 
particles (see p. 640).

Mica-gneiss. Mica gneisses develop from shales, aikoses, grits,'and 
conglomerates in the same manner as do the mica-schists, except that 
out of the old feldspar a good deal of new and usually acid feldspar 
is produced, especially albite. The development of new feldspar is 
particularly likely to take place when adjacent igneous intrusions have 
occurred, and especially granitic intrusions. Doubtless the hot mass 
of granite promotes the formation of solutions which carry abundant 
fcldspathic material, and out oi this, in part at least, the new feldspar 
develops.

Chlorite-scJuftt. In case of the graywackes, the alteration of the feld­ 
spar may produce quartz and chlorite, instead of quartz and mica, in 
which case a chlonte-schist is produced. Also from volcanic frag- 
mentals, which are especially likely to contain a good deal of pyroxene, 
amphibole,and basic feldspar, chlorite-schists are abundantly developed.

HonMende-schist and liorMende-gneiss. If a fragmental rock has 
such a composition that hornblende may develop as a secondary product, 
a hornblende-schist may be produced, and if at the same time feldspar 
is also abundantly formed, a hornblende-gneiss may result. It is to 
be said, however, that the perfectly crystalline hornblende-schists and 
hornblende gneisses which have been demonstrated to havebeen derived 
from fiagmentals are few in number, and they do not closely resemble 
the hornblende-gneisses derived from eruptives by dynamic and other 
metamorphic processes.

Fen'ii</int)u>, chert, jaspihte, grmierite-soliist, and avtmolite soMst.  
These rocks have been described as developed mainly by metasoma­ 
tism, cementation, and consolidation, assisted by mashing. When the 
latter is suboidmate, as in the rocks described, while they have a well- 
developed laminated structure, they are not strongly schistose. In 
proportion as mashing becomes important the rocks become strongly 
schistose. The processes of alteration are the same as already described 
(pp. 701-703), except that the minerals present before the dynamic action 
and those that developed during the processes are brought into a par­ 
allel arrangement, as explained under mashing. The jaspilites show 
particularly well the slicken sided surfaces due to differential movement 
between the lamina;. Along and between these lamime the hematite is 
flattened into brilliant micaceous flakes, which give a lustrous surface 
parallel to the planes of fissility.

GENERAL.

Iii general, when completely crystalline rocks result from the meta- 
morphism of sediments they have a laminated or schistose structure.
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Quarteite has iii the past been regarded as an exception to this, but it 
has been seen that this rock also reveals its fragmental character under 
the microscope, and therefore it is not a crystalline schist in the sense 
here used. Quartz-schist would coine under this definition. Marble, 
however, is an important case of a completely granular rock produced 
from a sediment. As explained above, it is thought that the difference 
in schistosity between ordinary metamorphosed beds and marble is due 
to the fact that calcium carbonate readily recrystallizes after a dynamic 
movement has ceased, while this is not the case with other minerals. 
This is shown by the Adirondack marbles, which contain fragments of 
the associated gneisses. The crystals of calcite often show little or no 
strain effects, but the mineral particles of the gneiss show strongly the 
effects of dynamic action.

Whether mineral particles can be deformed in the zone of flowage 
without showing strain effects and without recrystalliziug is an unde­ 
cided question. In some cases there may be differential movement 
along gliding planes 111 a crystal, as a result of which the relative posi­ 
tions of the different parts of the crystal would remain the same, and 
therefore in polarized light undulatory extinction would not occur.

The regaining of an unstrained condition by mineral particles in 
rocks which have been greatly deformed may be parallel to that of the 
recovery of stretched Canada balsam and the partial recovery of 
strained steel. When viscous Canada balsam is stretched it takes on a 
fibrous structure, as shown by polarized light. Tf not further deformed, 
after a time under the same conditions of temperature, it loses its polar­ 
izing power that is, the molecules by rearrangement have released 
themselves from their strained condition. Barus1 has shown that to 
some extent strained steel has this same power of restoration at ordi­ 
nary temperatures. Still more analogous to rocks is the case of strained 
glass, which in the chemical laboratory has been noted to begin crys­ 
tallization at ordinary temperatures, whereas carefully annealed, and 
therefore unstrained, glass retains its clearness indefinitely. Eecovery 
from a state of strain must mean a molecular rearrangement within the 
solid. Probably the recovery of mineral particles from a state of strain 
beyond the limit of elasticity can be accomplished only by partial or 
complete recrystallization. From present information I am inclined to 
believe that in most if not all cases of crystalline schists m which the 
mineral particles show no evidence of strain there has been an almost 
complete r eery stall izati on, partly or wholly under static conditions.

RELATIONS OF METAMORPHIC SEDIMENTARY ROCKS TO
STRATIGRAPHY

The amount and character of the metamorphism of a series of forma­ 
tions may be an important guide in structural work. It may serve to 
separate one series from another and assist in determining the structure

1 Fourteenth Ann Kept, IT S Geol Surv , Part 1, p 147
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within a series. The criterion has limitations, however, which arc 
readily deduciblo from the manner m which metarnorphic action occurs.

Since rnetamorphism is produced by consolidation, welding, cementa­ 
tion, injection, metasomatism, and mashing, any one process acting 
separately or combined with others, it follows that a series of rocks 
may be profoundly metamorphosed locally and the metamorphism be 
less or of a minor character in an adjacent area. Not only is this so, 
but "different parts of the same fold aie m most cases metamorphosed to 
a different degree, depending upon the position within the fold. Still 
further, one set of beds may be moie readily metamorphosed thau 
another, so that one formation may become completely crystalline 
while the adjacent formation may still be plainly frag mental; as, for 
instance, a shale may change to a mica slate or mica schist and an inter- 
bedded quartzite be but little affected by any process except cementa­ 
tion. As pegmatization is so frequently dependent upon the presence 
of an intrusive rock, it follows that an extreme phase of metamorphism 
engendered by this, combined with other processes, may have a very 
local charactei.

Notwithstanding all of these limitations, if a set of formations be 
superimposed upon another bet of formations, and one lias become 
crystalline throughout, while the other shows little or no change, it is 
probable that the first series underwent a period of metamorphism 
before the new series was deposited. But in order to make this con­ 
clusion at all certain the superior formations should be of kinds which 
are equally likely to be metamorphosed; and further, it must be certain 
that it is a case of superposition, for laterally the metamorphosing 
forces may die out rapidly and the altered rocks pass quickly into 
those but little changed. Still further, if the metamorpbism be due to 
pegmatization as a consequence of the intrusion of great batholites of 
granite the process may die ont rapidly in a vertical direction, so that 
the extremely metamorphosed lower formations would gradually pass 
into the unmetamorphosed beds higher up, with no structural break. 
To a certain degree, also, metamorphisni occurs directly as a conse­ 
quence of deep burying, for the deeper the rocks are buried the greater 
is the pressure to \vhich they are subjected and the warmer the solutions 
which percolate through them. But probably the change in metamor­ 
phism as a result of varying depth of burial is so slow that it would 
involve no practical difficulty in separating senes. It is further clear 
that metamorphism is much more dependent npon environment, 
dynamic action, and igneous intrusion than upon age. Age affects 
metamorphism largely m that old rocks are more apt to be deeply 
buried, folded, and intruded by igneous masses than are younger 
rocks.

If the foregoing conclusions are true, the giving of structural names 
to pro-Cambrian series upon lithological grounds, as was done by Hunt, 
has no justification whatever.
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S E 0 T I O lsT VIII. 

METAMORPHISM OF TGHSTEOTTS ROCKS.

The definition of metamorphism given in reference to the sedimen­ 
tary rocks (p. 083) is equally applicable to the igneous rocks. Also 
the forces producing metatnorphism and their manner of working are 
the same in both classes of rocks.

DEFORMATION.

Iii the study of folding it lias already been pointed ont that the 
structure of igneous masses greatly affects the forms assumed when 
deformed. If of uniform composition in a large way, as for instance in 
massifs, the igneous rocks may act as homogeneous bodies; if composed 
of masses or layers of different character and strength, the readjust­ 
ments under deformation will comply, at least in part, to the law of 
heterogeneous rocks.

PROCESSES OF METAMORPHISM.

The igneous rocks include both intrusives and extrusives, and the 
extrusive rocks comprise both lavas and tuff's. The igneous rocks are 
modified by the same processes as the sedimentary rocks, namely, 
by consolidation, welding, cementation, injection, metasomatism, and 
mashing. On account of the great variety of minerals present in the 
igneous rocks the processes of alteration are more complicated than 
in the sedimentary rocks. In this paper no attempt will be made to 
separately analyze the effects of each of the processes mentioned upou 
the various types of igneous rocks. It will be sufficient for the present 
purpose to summarize the results which have been reached by various 
workers as to the kinds of schists which have been produced from the 
igneous rocks, and their conclusions as to the forces which have brought 
about these results. jSTo note will be taken of those modified igneous 
rocks which still, by their structure and their characteristics, are 
plainly of igneous origin. These are recognized in the field at once as 
of igneous origin, and therefore are likely to produce no trouble in 
working out the stratigraphy. However, at many places there are 
extensive areas of igneous rocks which are so profoundly metamor­ 
phosed as to approach closely in their characters to those of the meta­ 
morphosed sedimentary rocks.

For the modification of the igneous rocks to the various crystalline 
schists and gneisses which form extensively, mashing of the mass of 
the rock is usually necessary. As a consequence the conditions 
become, as has been seen in the sedimentary rocks, highly favorable 
for the action of metasomatism, cementation, etc. Also a fissility is 
frequently developed, which readily permits of water impregnations or 
igneous injections. By water impregnation the spaces may be filled,
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and thus give the rock a banding as well as a foliation, or the same 
result may be produced by the igneous injections. In many cases where 
the injected rock bands consist of materials of very different charac­ 
ters, it is probable that successive injections of different character 
occurred. Following the suggestion of Geikie and Teall, and applying 
it to a different case, it is not impossible that a heterogeneous magma 
could be injected along planes of nssility. While the foliated structure 
of most of the schists and gneisses of igneous origin is thus explained 
by mashing1 combined with metamorphic changes after solidification, 
and often conjoined with impregnation or injection, the banded struc­ 
ture of some gneisses has been explained by other processes. Certain 
of them have been supposed by Adams to have taken on a ilowage 
structure while a part of the magma was still liquid or very hot and 
under great pressure. It has been supposed that the banded struc­ 
ture of gneisses could be produced by the differentiation of an igneous 
mass in situ and by successive intrusions of different material within 
this mass. Geikie and Teall have suggested that the banded structure 
of a gneiss may be produced at once by the intrusion of a heterogeneous 
magma. We therefore conclude that purely igneous gneisses have very 
diverse histories.

METAMORPHIC IGNEOUS ROCKS.

The more important kinds of metamorphic igneous rocks are classi­ 
fied under schists and gneisses. Included in the schists are pyroxene- 
schists, amphibole-schists, chlorite-schists, epidote-schists, zoisite- 
schists, and mica-schists, especially sericite-schist. The gneisses com­ 
prise mica-gneiss, augite-gneiss, hornblende-gneiss, and other kinds. 
There are, of course, all gradations between the different schists and 
between the different gneisses, as well as between the varieties of 
schists and gneisses. Heuce we have chloritic hornblende-schists, 
clilontic mica-schists, and many other combinations. It has been con­ 
clusively shown that extensive areas of the pyroxene-schists, amphi­ 
bole-schists, chlorite-schists, epidote-schists, and zoisite-schists have 
developed from basic igneous rocks, while mica-schist, and especially 
sericite-schist, when of igneous origin, have generally developed from 
the more acid igneous rocks. The more basic gneisses have usually 
developed from basic or intermediate rocks, while acid gneisses of 
igneous origin, and especially mica-gneisses, have usually formed from 
acidic rocks.

COMPARISON OF METAMORPHIC SEDIMENTARY AND META­ 
MORPHIC IGNEOUS ROCKS

It has been seen on previous pages that a large number of kinds of 
schists and gneisses may be produced by the metamorphism of sedi­ 
mentary rocks; also it has been shown that similar crystalline schists



METAMORPHIC ROCKS COMPARED. 711

may be derived from igneous rocks. Tt is further certain that a schist 
or gneiss may be derived partly from sedimentary and partly from igne­ 
ous rocks. For instance, ametaniorphosed fissile sedimentary rock, sueli 
as mica-scliist or mica-gneiss, may be injected in a complicated way par­ 
allel to the planes of schistosity, and thus produce a banded gneiss, part 
of which is igneous and part of which is sedimentary. The rock may 
be predominantly of either one of these materials. Tf the injected 
sedimentary rock be subsequently folded, this will produce differential 
movements parallel to the banding, and the igneous and aqueous bands 
may be merged into one another and have structures so similar that 
it is impossible to determine what part of the rock is igneous and what 
part aqueous. The Manhattan schists of southeastern New York, and 
especially near Long Island Sound, are a perfect illustration of a gneiss 
produced by the extreme metauiorphism of a sedimentary schist and 
the subsequent parallel and cross injection of granitic material.

From the foregoing it is clear that an inseparable schist or gneiss 
formation may be produced from, altered intrusive rocks, from altered 
lavas, from altered tuft's, from altered sediments, and from any possible 
combination of two or more of these.

Doubtless in regions in which the gneisses are of a very complex 
character, a number of the processes mentioned m the previous pages, 
and possibly others unknown, must be united in order to explain all of 
the phenomena.

While similar crystalline schists may be derived from sedimentary 
rocks or from igneous rocks, or partly from each, one who has had 
much experience in the field is apt to have a bias toward the one or the 
other origin in the case of each particular variety of crystalline schist. 
But if a given schist formation can at no place be traced into a form 
characteristic either of a sedimentary rock or an igneous rock, it is 
extremely hazardous to make positive assertions.

Indeed, in some cases igneous rocks assume aspects which may mis­ 
lead the most skillful observer. If a rock be intruded in a complicated 
fashion, the intrusive may inclose and partially absorb many fragments 
of the intruded rock. These will then have a rounded character, 
which suggests a conglomerate, and may lead to the belief that the 
whole is a metamorphic sedimentary rock. This mistake has been made 
in reference to the Cottomvood granite of the Wasatch, which contains 
rounded fragments, or else segregations in situ, which have distinctly 
the aspects of bowlders. Similar phenomena have led to like con­ 
clusions in the Lake Superior region. In some instances it may be 
that the intruded rock is a schist, in which case parallel injec­ 
tions often follow the schistosity. Thus we would have a pseudo- 
conglomerate, below which are alternating layeis of different kinds. 
These phenomena in the Lake Superior regiou have led certain 
geologists to the conclusion that this is a case of downward pro­ 
gressive nietamorphism. Lawson has, however, shown that in the
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Rainy Lake 1 and Lake of the Woods 2 districts the phenomena are due 
to intrusion. These difficulties are greatly increased where the rocks 
have been mashed subsequent to the intrusions.

Another case in which a crystalline schist derived from an igneous 
rock may present a deceptive appearance is that of metamorphosed 
porphyntic rocks, either igneous or sedimentary. By the mashing of a 
porphyritic igneous rock the matrix may become schistose and the 
phenocrysts may become rounded and closely resemble residual frag- 
mental material. The resemblance between crystalline schists of this 
kind and metamorphosed sedimentary rocks in which porphyritic con­ 
stituents have developed under static conditions is often very close. 
This is especially so if such metamorphosed sedimentary rocks have 
been mashed since the development of the crystals. In either case the 
apparent fragmental constituents are riot fragments at all, although in 
one the rock is an altered clastic.

In another instance secondary lentils or veins of some mineral or 
combination of minerals may be formed by replacement or in the cracks 
of the rock. Subsequent mashing may break the veins into fragments 
and give to them and the separate lentils rounded forms which very 
closely simulate pebbles. This happens in more instances with quartz 
than with other minerals.

While the schistose igneous rocks may have foliations, bandings, and 
lithological characters which very closely simulate those of metamor­ 
phosed sedimentary rocks, it is still true of the rocks belonging to the 
Algonkian and later periods that in many districts the majority of the 
metamorphosed igneous rocks can be discriminated from the metamor­ 
phosed sedimentary rocks.

The much-mashed igneous rocks are apt to have a very regular, fine 
foliation and great uniformity of character. If an igneous mass grad­ 
ually varies in composition in its different parts, as is so often the case 
with differentiated magmas, the mashed varieties grade into one another. 
The complete absence of minor plications, indicating the absence of a 
parallel structure before the schistosity was produced, is most striking. 
It should perhaps be remarked that this is a reversal of the interpreta­ 
tion frequently made at the present time, and which was almost univer­ 
sally made a few years ago. The conclusion is that the finely, regularly 
laminated, homogeneous crystalline schists are usually of igneous origin.

The converse proposition, that the banded and heterogeneous schists 
and gneisses are of sedimentary origin, can not be made, for the igneous 
rocks, intrusive and extrusive, in a given area may have had an origi­ 
nal banded character, or may have had great complexity in their parts, 
as a result of which their mashed equivalents show a banding. This is 
particularly likely to be true of lavas and tuffs. Further, it has been

J Keport on the geology of the Lake of the Woods ipginn, with special reference to the Keewatm 
(Hmonidn ') belt of Aiohean locks A C. Lawson, Ann Kept Geol and If at Hist Survey Canada, 
1885, new series, Tol I, pp 6-151 CC

!Eeport on tlm geology of the K,uny Lake region A C Lawson, Ann Kept Geol aiid Nat Hist. 
Survey Canada 3887-88, iiew series, Vol III, pp 1-196 F,
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seen that the mashed, originally homogeneous, igneous rocks may have 
become cleaved or fissile, and that along the secondary structure 
impregnations or injections may occur and the rock thus? become banded. 
If a new mashing now takes place which develops tertiary structure 
cutting the secondary one, the minor plications of the secondary struc­ 
ture may simulate similar plications of sedimentary strata.

The metamorphosed sedimentary rocks are not usually so changed as 
to obliterate all evidence of their original condition. This is true even 
of the metamophoscd shales. Minute variations in the coarseness of 
the laminae are usually sufficient to produce the minor plications which 
somewhere will be found to intersect the secondary structure. More­ 
over, in a larger way, thick formations of shale are apt to contain some 
beds of grit, sandstone, or limestone. These give different crystalline 
schists, and each of these is different from the metamoiphosed shale. 
Variations in original lithological character are still more prominent 
when great formations are considered. It has been seen that a sand­ 
stone formation may be transformed into a quartz-schist, or micaceous 
quartz-schist. Limestone may be transformed into marble, bearing 
greater or lesser quantities of silicates, depending largely upon its 
original purity. The arkoses and shales may be transformed into 
schists and gneisses. If they were calcareous, this property is likely 
to persist. There is no evidence that any transformations through 
which sedimentary rocks go are sufficient to obliterate the original dif- 
erences in thick formations of greatly varying lithological character. In 
the case of schistic or gneissic series, widely disseminated graphite and 
the presence of ferruginous beds have been regarded as indicating a 
sedimentary origin.

This principal is well illustrated by the Paleozoic, metamorphosed, 
sedimentary rocks of the Green Mountains of New England. In this 
area the Paleozoic rocks have almost completely lost all interior evi­ 
dence of clastic characters. It is only very rarely, where the rocks were 
conglomeratic, that any particles can be recognized as fragmental. 
However, the shales and grits are transformed to mica schists and 
mica-gneisses, the sandstones to quartz-schists, and the limestones to 
marbles. The schists are not evenly homogeneous and regularly 
schistose with a secondary structure in a single direction, as is so char­ 
acteristic of metamorphosed igneous rocks. Each formation is com­ 
posed of minor beds, these beds of minor laminae. Notwithstanding 
the metamorphism, these retain to a greater or lesser degree their 
integrity. At many places the bedded structures intersect the secon­ 
dary schistose structure. In a larger way the relations of the forma- 
'tions to one another are those of sedimentary rather than igneous 
rocks. No one skilled in work in the crystalline rocks would fail to 
recognize this Paleozoic series as of sedimentary origin. On the other 
hand, any one of these formations is easily discriminated from the 
pre-Paleozoic, gneissoid granites.
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In regions of extreme metainorphism,where both igneous and aqueous 
rocks have had long and complex histories, including the development 
of secondary and perhaps tertiary structures, and sometimes impreg­ 
nations and injections, no criterion as to texture or minor plication or 
regular banding is sufficient to discriminate the two. Even in regions 
in which the great formations may indicate with a high degree of proba­ 
bility that a considerable portion of the material is of sedimentary 
origin, it may be true that another considerable portion is igneous and 
can not be discriminated from the aqueous part of the series.

This difficulty is well illustrated m the Greuville series of the Original 
Laurentian area, in the Adirondacks of New York, in the pre-Paleozoic 
areas of western. Massachusetts and Connecticut, in the eastern gneissic 
area of Maryland, and in the crystalline area of the southern Appala­ 
chians. At vaz'ious places in these districts formations are found which 
are without doubt sedimentary. Such formations are marbles, quartz- 
schists, and certain mica-schists and mica-gneisses. However, associ­ 
ated with these rocks, clearly of sedimentary origin, are other gneisses 
or schists with perfectly conformable structures which may be of sedi­ 
mentary or of igneous origin. Some of the gneisses have a distinctly 
granitoid aspect. Whether part of these problematical rocks were 
igneous and part sedimentary is as yet undetermined, as are also the 
relations which obtain between them. These rocks of doubtful origin 
may be an early series, upon which the recognizable sedimentary rocks 
were deposited. If so, the original unconformity has been obliterated by 
orogenic movements. They may be intrusive within the sedimentary 
series, the subsequent erogenic movements having produced, in both, 
secondary structures in common directions. Or, finally, many of the 
rocks of doubtful character may be metamorphosed sedimentary rocks, 
belonging with the other sedimentary rocks, but so altered that their 
detntal origin can not be asserted.

RELATIONS OF METAMORPHIC IGNEOUS ROCKS TO STRATIG­ 
RAPHY

Before considering the relations of igneous rocks to stratigraphy it 
is necessary to recall the forms which they usually take and the man­ 
ner in which they may be expected to die out. The intrusives are 
ordinarily known as bathohtes, bosses, laecolites, sills, and dikes. The 
extrusives are either lavas or tuffs. Frequently dikes radiate from 
a batholitic or laccolitic mass, become less and less abundant in pass­ 
ing away from the igneous mass, and finally disappear. Not infre­ 
quently the intrusives and extrusives are closely associated, mtrusives 
being in one part of a region or district and equivalent extrusives in 
another part. But whether the rocks are intrusive or extrusive, if the 
quantity of igneous material is large and it is in various forms the 
igneous rocks usually do not die out at once, but gradually. Ordina­ 
rily the distance required for their disappearance is considerable, but 
in certain cases there are exceptions to this.



VAN HISL ] RELATIONS OF METAMORPHIC ROCKS TO STRATIGRAPHY. 715

For the most part the ordinary masses of volcanic rocks do not pro­ 
foundly affect the beds with which they are associated. On the other 
hand, large intrusive masses may metamoiphose surrounding sediments 
for distances to be measured in miles.

As a consequence of the gradual disappearance of eruptives under 
ordinary circumstances, the abundance of eruptives in one horizon and 
their absence in an adjacent horizon indicate that a structural break 
probably exists between the two, or that a fault has displaced the 
strata. If no phenomena are present which indicate faulting, this 
renders the first alternative probable. The sudden disappearance of 
eruptives is a particularly valuable criterion m separating adjacent 
series in cases in which parallel secondary structures have been 
induced in both. These secondary structures may have obliterated or 
nearly obliterated the original bedding, so that there may be none of 
the ordinary evidences of structural breaks, but if a set of dikes passes 
to a certain horizon and is suddenly cut oft', this is very suggestive of 
'an erosion interval between the two series. In cases of this kind the 
ernptives themselves are likely to have been extensively altered by 
the forces which produced the secondary structures in the sedimentary 
rocks, and they may have been changed from their original condition 
to schists, and can be shown to be dikes or intrusives only by their 
structural behavior or by microscopical examination.

When a series is cut by intrusives it sometimes happens that there is 
a difference in the resistant power of the dike and the containing rook. 
In case the dike be more resistant, and the two were subjected to erod­ 
ing agencies, it protrudes somewhat from the underlying formation, 
while in the opposite case there is a hollow. This latter is the condi­ 
tion of affairs described by Pumpelly at Hoosac Mountain, where an 
ancient dike cuts through the gneissoid granite. After a hollow of 
differential erosion was formed a new series was deposited. In approach­ 
ing the dike the members of the new series thicken somewhat and pass 
into the sag. The greater thickness of the lower beds at the hollow 
finally compensates for it, and the thickened beds gradually pass up 
into ordinary regularly stratiform beds. In this case later orogeuic 
movements produced consonant secondary structures both in the gneiss 
and in the overlying formations, and this relation of the dike to the two 
series was the first evidence found of a structural break between them. 
They had hitherto been considered as conformable, although a very 
close study had been made of them. Later, other evidence confirmed 
this inferred unconformity.

In <i different case the contacts between the two unconformable series 
may not be found, but one series may be cut through and through 
by dikes and contain bosses of igneous material and interstratified 
intrusives or extrusives, with perhaps also volcanic fragmentals, while 
the adjacent set of formations may be wholly free from igneous rocks. 
Eelations of this kind have force in proportion to the extensiveness of
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the phenomena. If one series is rich m volcamcs for many miles, while 
another series is entirely free from them, aud the irregular distribution 
of the two is such as not to be explained by a fault, the evidence of a 
structural break between the series is very strong.

In any of the above cases the time break between the two series must 
have been long enough for the taking place of a full cycle of igneous 
activity.

In proportion as the igneous rocks are metamorphosed it is difficult 
to apply the above criteria. Where they are no longer distinguishable 
from the sedimentary rocks the criteria given for determining structural 
relations tire not available.

SECTION IX. 

8TJRATIGBAPHY.'

Having considered the phenomena of disturbed sedimentary and 
igneous rocks, we are now ready to take up the broader questions of 
pre-Oambrian North American stratigraphy. These are treated under 
the heads of bedding, ripple-marks, basal conglomerates, unconformity, 
and structural work in nonfossihferous rocks.

BEDDING.

In the little-altered rocks it is usually easy to recognize bedding1 . The 
characteristics of beds arid the criteria for recognizing them in little- 
altered rooks are so well known that they need not be repeated, except 
in so far as is necessary to coutrast them with those of modified rocks.

From the previous chapters it is evident that the recognition of bed­ 
ding is not so easy in rocks which have undergone a considerable 
degree of alteration, and in which secondary structures have been 
developed, for very frequently the secondary structures which may 
or may not be parallel to bedding have been regarded as beddiug. Fur­ 
ther evidence of the same fact are the mistakes which have frequently 
been made in reference to igneous rocks. The unmodified flowage 
structures of lavas have at many places been supposed to be beddiug, 
and the lavas therefore sedimentary. Still more frequently in igneous 
rocks such secondary structures as cleavage or fissihty have been taken 
for bedding, and the rocks therefore regarded as sedimentary. Hence 
it is necessary in stratigrapliical work to consider what phenomena 
may be taken as evidence of bedding in semicrystalline and holocrys- 
talline rocks.

In the coarse-grained sedimentary rocks there are usually alternating 
bands of different character or size, and in the flue-grained rocks 
alternating lamina. The naked eye discriminates these larninte by a 
slight difference in color. When the microscope is applied to them the

'In the preparation of parts of tins sec tion 1,1111 much indebted to the papei by the late Prof K D 
bring, On the Classification of the Early Cambriau ,md pie Cambrian Foiraationg, Sexeuth Ann 
Kept U b Geol Surv , p)> J55-464
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chief causes of the lamination are found to be the same as 111 the coarser 
layers differences in coarseness and character of the rock particles 
composing the lamime. The size of these particles in the fragmeutal 
rocks apparently correspouds to the transporting power of the water at 
the particular moment of deposition.

A laiger or smaller number of minor laminre make up a stratum or 
bed. The strata differ among themselves in the same manner as do the 
lamina}, each stratum being upon the whole composed of finer or coarser 
material than the adjacent strata. There may be gradations from one 
stratum to another, exactly as there are gradations from one lamina to 
another. A greater or lesser number of beds or strata of the same 
general character, and of considerable thickness and persistence, con­ 
stitute a formation. Formations may grade into one another, exactly 
as may beds and lamina;. A formation of conglomerate may be 
followed by a formation of sandstone; this by one of shale or of calca­ 
reous sandstone, and either of these by a limestone. The formation 
is usually the smallest unit separated in mapping. When an aiea is 
mapped on a large scale by minute study, a large number of rather 
thin formations are usually discriminated. If the work is more rapid 
and general, several of the minor formations of allied character are 
thrown together and the whole is regarded as a single formation. The 
more minute the subdivision the less extended areally is a formation 
upon the average; the larger the formation the more likely is it to have 
a wide areal extent.

On the one hand, as a consequence of secondary changes, the original 
differences in beds may be emphasized by secondary impregnation 
along the beds or in openings between them made by the folding. 
On the other hand, the secondary changes may lessen or even obliterate 
bedding. Very often where the eye does not recognize the lammce, 
strata, or beds upon the fresh fracture, they may be plain upon the 
weathered surface. Because of the difference in resistant power, the 
forces of erosion at work at any given locality cut away the less resist­ 
ant layers with relative rapidity, leaving the more resistant layers 
protruding. The layers which are more resistant under one set of 
circumstances might be less resistant under others. For instance, 
for a given formation the most resistant layers might be different in 
a tropical desert from those which are most resistant in a cold, humid 
region.

In the fragmeutal rocks the alternating lamina may be used to deter­ 
mine whether the structure is bedding, until the metamorphic processes 
have gone so far as to obliterate the original clastic particles. If a 
rock has been subjected merely to the processes of consolidation and 
metasomatism, the alternating layers are recognised by the rounded 
grains of the various minerals, and especially quartz. In the finer- 
grained rock the microscope may be necessary to make the determi­ 
nation. If the layers are thus shown to be original the bedding is



718 PRINCIPLES OF NORTH AMERICAN PRE-CAMBRIAN GEOLOGY.

determined with certainty. This criterion may be applied even when 
the rock has been considerably mashed, and has become a mica slate. 
But if the mashing was so intense as to make the rock holocrystalline, 
positive evidence of the direction of the minor laminae may have disap­ 
peared. The geologists working in the Green Mountains have found 
that where the rocks are holocrystalliue the bedding may be indicated by 
secondary quartz lamina}. (See Dale's fig. 81 in previous paper, p. 55C.) 
These can be relied on, however, only where they cut the cleavage and 
fissility, and even then it must be certain, in order to demonstrate the 
structure to be bedding, that there is no prior cleavage or fissility along 
which the impregnations might have occurred (see Dale's fig. 92 in pre­ 
vious paper, p. 5C5), for a rock may show cleavage or fissility in one or 
more directions. Parallel to either of these structures there may be 
alternating bands of different mineral character or of different color 
due to secondary impregnation or injection. There may be alternating 
groups of layers of different character taken as wholes, which suggest 
beds in a remarkable degree. However, none of these structures or

« any other can be always relied
iff//////. on as evidence of the direction

of bedding in a completely 
crystalline rock, for it has 
been seen that such structures 
are produced by secondary 
processes, and that two or 
three different secondary 
structures may exist in the 
same rock, none of which are 
bedding, but all of which are 
produced by metamorphic 
processes.

In sedimentary rocks in 
which the metamorphism was 
so intense as to wholly obliter-

FIG.140. Deformation of conglomeratic layers in rock in a£e t]je elastic characters of 
which a cross foliation is developed. .   ,the matrix, or of the entire

mass where originally a shale, grit, or sandstone, if the rock contained 
bands of conglomerate, the rows of pebbles may still indicate the direc­ 
tion of bedding (fig. 140). That is, a more intense dynamic action is 
required to destroy pebbles than to completely granulate the smaller 
particles (PI. CXV). Generally, in this case the pebbles are crushed, 
and they may be rotated. As a consequence the greater dimensions 
of the pebbles correspond to the secondary structures (PL CXV), 
but the belts of conglomerate occupy their original relative positions 
(fig. 140). In an advanced stage of change the pebbles are crushed 
until each becomes a lamina scarcely distinguishable from a bedded 
layer. Such a rock, when looked at on a surface parallel to the schis-
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tosity, may appear completely crystalline. This may even be the case 
in one plane perpendicular to the schistosity, but the pebbled character 
may be still discernible in the plane at right angles to both of these 
(fig. 156).

When the processes of transformation have reached the extreme 
the pebbles themselves are destroyed, and there is then no way to 
determine bedding except by the major alternation of sediments; that 
is, as beds of shale, graywacke, sandstone, and limestone are originally 
different chemically and. mechanically, and as material does not readily 
migrate in a large way in alteration, when the beds become metamor­ 
phosed they do not change into similar rocks. As has been seen, from 
abed of shale or grit is produced a mica-schist or mica-gneiss; usually

FIG. 141. formal ripple-marks.

from a bed of quartzose sandstone is produced a quartzose schist; 
from a bed of limestone is produced a marble. We conclude that in 
the case of extreme metamorphism the only safe guide as to the 
direction of bedding is the contact between formations which are thus 
dissimilar.

Certain of the completely crystalline gneisses are in layers which 
simulate beds to a remarkable degree. Viewed from a distance the 
layers have the exact appearance of beds of sandstone. It is only 
when the rocks are closely examined that their crystalline character 
is discovered. It has been seen under Cleavage and Pissility that 
there is a tendency for secondary structures to be produced parallel to 
bedding, both in the deep-seated zoue of flow and the middle zone of
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fracture and flow. In many cases it is probable also that deep- 
seated metamorphic processes, under the pressure of the superin­ 
cumbent beds, preserve the original structures. In some places it is 
therefore probable that the layers of crystalline schists are really 
fossil beds, but until this is shown by the criteria above given it 
can not safely be assumed in structural work.

RIPPLE-MARKS.

The forms of ripple-marks may sometimes be of assistance in 
deciphering stratigraphy. Normal ripple-marks consist of a series 
of sharp ridges separated by rounded hollows, each of which, however, 
often has a slight, sharp ridge in its center. The appearance is shown 
by fig. 141. The obverses or casts of such ripple-marks have an entirely 
different appearance. They consist of broad rounded ridges, each of 
which has a slight depression in its center, and the ridges are sepa­ 
rated by steep depressions. This appearance is shown by fig. 142. The

FIG. 142. Casts of normal ripple-marks.

profile of either of these figures is shown by fig. 143, which is placed in 
a vertical position. One side represents the ripple-marks as normally 
formed, the other their cast or obverse. In case the beds of a steeply 
inclined formation bear ripple-marks, these determine at once which 
way the formation was uplifted. The profile (fig. 143) should be turned 
to the right in order to bring it back to its original position. The 
decision may be as easily made even when the minor elevations in the 
hollows are absent. In this case in normal position the depressions are
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gently rounded, while the elevations are of the same form as in the 
previous case.

This criterion may be of assistance in working out the structure of a 
difficult area. It often happens that in regions of closely folded rocks, 
if the manner of upturning of a formation can be determined at a certain 
locality, the structure of a considerable area at once appears. Con­ 
versely, if the structure is believed to be determined the discovery of 
ripple-marks on the steeply inclined layers gives a test as to the correct­ 
ness of the conclusions reached. This principle was 
explained by Jukes and Geikie1 many years ago, but 
is neglected in modern text-books.

BASAL CONGLOMERATES.

By a basal conglomerate is meant a conglomerate 
deposited upon an eroded, previously consolidated, or 
modified rock by the encroachment of the water upon 
the land. The material for the conglomerate is largely 
derived from the subjacent formation, although shore 
currents usually bring some material from other and 
distant sources. Immediately adjacent to the under­ 
lying formations the blocks composing the conglomer­ 
ate are mainly from the inferior formations, and they 
are often angular, but this phase usually passes quickly 
upward into a phase containing well-waterworn bowl­ 
ders, and from this to phases containing bowlderets and 
pebbles, and from these into sandstone or shale. A 
basal conglomerate may vary in thickness from a few 
inches to many feet, depending upon the character of 
the shore and upon the rapidity of the transgression 
of the sea. In case cliffs have to be worn away, the 
basal COD glomerate has a very considerable thickness. 
If, on the other hand, the sea transgresses over a 
region which has been baseleveled, or nearly so, the 
advance is marked only by a thin bed of conglomerate, 
and it is possible that under these conditions no basal FIG. 143. Profile of nor- 
conglomerate may form. As a marked instance of mal ripple-marks- 
a thin conglomerate may be mentioned the occurrence on the Potato 
Eiver, in the Penokee series of Wisconsin. Besting upon the upturned 
edges of the Archean schists is a conglomerate containing bowlders as 
large as 3 or 4 feet in major diameter. This bowlder bed varies from 
2 to 4 feet in thickness, and passes quickly into the ordinary slate of 
the quartz-slate formation. So sudden is the transition that if a belt 
4 feet wide were covered the schists of the basement complex would be 
seen upon one side and the slate upon the other, the fibers of the schist 
being nearly at right angles to the strikeof thefine-grained slate (fig. 144).

1 Student's Manual of Geology, Jukes and Geikie, 3d edition, 1871, p. 63. 
16 CKEOL, PT 1   46
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A true basal conglomerate, where it exists, implies that between the 
two series there has been an erosion interval or an unconformity. The 
significance of this phenomenon will be considered later.

There are certain phenomena which may be mistaken for genuine 
basal conglomerates:

(1) Coarse volcanic fragmental material may be deposited upon a bed 
of ash, lava, or sedimentary rock, or dropped upon the water over 
ordinary sediments. If the formations are later buried and then some­ 
what altered by the metamorphosing processes the conclusion may be 
drawn that such a conglomerate is a true basal conglomerate. This is

FIG. 144. Basal conglomerate of Tipper Euronian resting on green schist of Archean.

especially likely if the phenomena are not closely examined. Such a 
conglomerate, however, differs from a true basal conglomerate in that 
the blocks which compose it are not of the same character as the sub­ 
jacent formation; and if they have not been too profoundly metamor­ 
phosed they will be recognized as having the characters of volcanic 
bombs rather than of waterworn pebbles. Further, if the contacts are
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closely examined it will frequently be found that there are really grada­ 
tions from the ash or sedimentary formations to the conglomerates. If, 
however, the sedimentary formations were previously consolidated there 
 would be no tendency for the two to blend.

(2) Erosion conglomerates derived irom contemporaneous lavas have 
frequently been mistaken for basal conglomerates. If lavas are poured 
out near the level of the sea or adjacent to a shore-line, or are sub­ 
aqueous, the water at once attacks them and builds up a conglomerate. 
Other lavas may overflow this conglomerate, or volcanic clastic material 
may be dropped upon it. These may again be attacked by the water 
and another conglomerate be formed. Thus in a single series there 
may be many iuterlaininations of lavas and true conglomerates. In 
the Keweenawan series of Lake Superior there are scores, if not hun­ 
dreds, of such interstratifications.

(3) Conglomerates may be formed in shallow seas by storms of excep­ 
tional violence. Coarse material may be carried to a considerable 
distance from the shore-line and deposited conformably upon a great 
thickness of beds which have been built up on a subsiding bottom. 
Such a Conglomerate is discriminated from a true basal conglomerate 
by the following phenomena: There is no sharp contact between the 
inferior formation and the conglomerate, but generally a gradation. 
The bedding of the conglomerate accords with that of the underlying 
formation. The pebbles and bowlders of the conglomerate are not 
derived from the inferior stratum or formation, but from extraneous 
sources. It is possible that by means of icebergs bowlders may be car­ 
ried far from the shore-hue, so that large masses may be deposited in 
ordinary beds. The sparseness of this material would usually be such 
as to cause no difficulty.

(4) Intraformational conglomerates, described by Walcott,1 may be 
mistaken for basal conglomerates. In this case, during the deposition 
of a beries as the result of a slight movement, a part of the area of 
deposition may be raised for a tune above the sea. If the material be 
sufficiently indurated the waves may form pebbles and bowlders from 
the formation and deposit them in the deeper waters upon the eroded 
or uneroded areas. Later the whole may be covered with similar or 
dissimilar formations. Pebbles thus derived may be rounded or angu­ 
lar. The phenomenon is particularly likely to be found in a limestone 
formation, for this kind of rock may become crystalline or thoroughly 
cemented during or immediately after its formation. The same phe­ 
nomenon has been observed to occur in argillaceous beds. As is well 
known, mud, if exposed to the atmosphere, may become compacted by 
simple drying. Such material may furnish pebbles of sufficient dura­ 
bility to hold together, if not too long subjected to wear. Sandstones 
and coarse grits are far less likely to become indurated under the cir­ 
cumstances attending the deposition of intraformatioual conglomerates,

i Bull U S GBO! Surv. No. 134, pp 34-40,1896
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but it is possible that even these materials may be found as pebbles 
of such conglomerates.

Intraformational conglomerates usually may be easily discriminated 
from true basal conglomerates by the following criteria: The pebbles 
are most often limestone, shale, or slate. In some cases the pebbles 
when formed were so soft as to be distorted or indented by their pressure 
against one another. In some cases they may be welded together. In 
other cases the pebbles merge into the matrix as a result of welding and 
of similar composition. The pebbles are often of the same composition as 
the matrix in which they are contained. Ordinarily, few or no large peb­ 
bles of indurated or crystalline formations from an extraneous source are 
found, although if the ridge of temporarily exposed rock join the mam 
shore such material may be brought in by the deflected shore currents.

(5) Autoclastic rocks may be mistaken for basal conglomerates. The 
manner in which a breccia may be developed in a brittle stratum between 
plastic strata has been described. It should be remembered that the 
lower bed may be folded, its folds truncated, and above this there may 
be an autoclastic rock (fig. 153). In another case the lower formation 
may have a secondary structure which abuts against a pseudo-con­ 
glomerate formed at the base of a more brittle overlying stratum or 
formation, and in this pseudo-conglomerate may be fragments from the 
underlying schist. Also an autoclastic rock may develop along a fault 
zone, and is here particularly likely to be mistaken for a basal conglom­ 
erate. Criteria have already been given (pp. 680-682) for discrimina­ 
ting between autoclastic rocks and ordinary conglomerates. All of 
these apply to this case.

(6) Pseudo conglomerates produced by igneous intrusion may be 
taken for basal conglomerates. In such cases the intruding rock is apt 
to be a deep-seated batholite which has metamorphosed the intruded 
rock. Numerous fragments are caught in the intrusive near the contact; 
their borders are absorbed, and thus the rock assumes a conglomeratic 
aspect. The igneous relations obtaining between the intruded and the 
intrusive rocks usually show the true character of such a pseudo-con­ 
glomerate. However, if later dynamic action has transformed the 
igneous rock into a crystalline schist indistinguishable from schists of 
sedimentary origin, it may be difficult to determine the true character 
of the pseudo-conglomerate. This difficulty is increased if adjacent to 
the pseudo-conglomerate the igneous rock was intruded in bauds par­ 
allel to the structure of the intruded rock.

If two or more of the methods which produced the different types 01 
conglomerates simulating true basal conglomerates unite, additional 
difficulties arise, and still more precaution must be taken to discrimi­ 
nate the resultant conglomerate from a true basal conglomerate.

UNCONFORMITY.

An unconformity between series implies a difference in number of 
erogenic movements with intervening erosion. This difference in num-
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ber may be one or more than one. Even if the difference is but one 
the time gap between the two must have been very considerable, and 
it may have been of vast duration. Discordant series may differ in 
folding, in metamorphisrn, in their secondary structures, in their rela­ 
tions to eruptives, etc. Bach of these phenomena has been discussed 
in reference to structural work, and the bearing of each upon uncon­ 
formity has been pointed out. Nevertheless it seems advisable to bring 
together at this place the phenomena upon which an unconformity may 
be established, even at the risk of repetition.

PHENOMENA INDICATING UNCONFORMITY.

As guiding phenomena in the discovery of unconformities we then 
have (1) ordinary discordance of bedding; (2) difference in the number 
of erogenic movements to which the series have been subjected; (3) 
discordance of bedding of upper series and foliation of lower; (4) rela­ 
tions with eruptives; (5) difference in degree of crystallization; (6) 
basal conglomerates; (7) general field relations.

(1) In cases of ordinary discordance of bedding nothing need be 
said, except to state that unconformities should not be inferred from 
a single small contact where the apparent discordance may be due to 
false bedding or to local currents or very local minor disturbances. 
Also the discordances caused by faulting may be mistaken for an 
unconformity if care is not taken. The amount of evidence for the 
unconformity should be sufficient to show a real discrepancy of bed­ 
ding for a considerable area. Within a short distance the amount of 
discordance of bedding between two series may vary greatly. Fre­ 
quently an erogenic movement relieves itself mainly along a com­ 
paratively narrow zone. Such a zone is usually one of differential 
uplift and consequently of great denudation. The adjacent plain may 
be little folded and not deeply eroded. When a new series is deposited 
upon this older series the former lies approximately parallel to the 
bedding of the older upon the plain, but along the zone of disturbance 
the first may be directly athwart the bedding of the second.

(2) Difference in the number of erogenic movements to which the 
series have been subjected is often an important means of determining 
uncomformities. In order that an unconformity shall occur the older 
series must have been subjected to at least one more erogenic move­ 
ment than the newer. In the most favorable case the older series has 
undergone two or more erogenic movements, while the newer series 
lias undergone but a single one. When the lines of these movements 
are in the same direction and result in folding, the only difference 
between the two series consists in steepness of inclination; but in case 
the earlier movements were in a different direction from the last the 
older series will show a set of folds, due to the resultant effect of the 
two or more movements, while the newer series will be simply folded. 
As a matter of course, in this discrimination, bedding must be used
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rather than foliation. Oftentimes it will happen that the latest move­ 
ment has produced a prominent cleavage or foliation which is common 
to both older and newer series; and nnder these circumstances the real 
discordance which may exist between the two series is particularly apt 
to be overlooked, and a district will be described as having a simple 
mouocliual structure, or one in which the series is reproduced by fault­ 
ing, when evidence is at hand for two or more discordant series.

The erogenic movements, instead of producing folding, may cause 
jointing or faulting, these results, as suggested by Wilhs, being, per­ 
haps, due to insufficient load. These phenomena are, however, serv­ 
iceable in discovering an unconformity, for the sets of faults or joints 
produced in the older series before the newer series was formed are not 
found in the latter. Where there have been later erogenic movements 
which have produced faults or joints in both series, the unconformity 
may be shown by the presence in the older series of two sets of joints 
or faults in different directions, provided the directions of thrust were 
different, while the newer series is affected by joints or faults in only 
a single direction. If the joints or faults made by both the newer and 
the older movements are in the same direction, they will not be of much 
service in detecting an unconformity, the only difference being their 
greater number in the older series.

When one of the orogemc movements has resulted in folding and 
the other in faulting or jointing, the combination of phenomena is as 
easily used to detect an unconformity as when effects of the same kind 
are produced by both movements.

(3) Discordance of the bedding of an unfoliated series with the cleav­ 
age or flssility of an adjacent series may be taken as evidence of uncon­ 
formity if the former is such that it would take on a secondary structure 
as readily as the latter; for, whatever the origin of the altered series, 
the development of cleavage or flssility, which must have formed before 
the new series was deposited, required much time. An unconformity 
could not be inferred from, the fact that a heavy formation of quartzite 
or of limestone cuts across the cleavage or flssility of an argillite or 
mica-schist, for clayey rocks take on secondary structures very readily. 
In the same series it often happens that more massive beds escape 
foliation which may be prominently developed in less massive members. 
But if a formation with slaty or schistose structure is overlain by another 
formation without secondary structure, which from its composition is as 
likely to take on one as the underlying formation, a discordance, while 
not demonstrated, is a probability for which other evidence should be 
sought.

(4) Eruptive rocks are often an important guide in determining 
structural discordances. These are valuable when the older series has 
passed through an epoch of eruptive activity before the newer series 
was deposited. In such cases, bosses, contemporaneous or intrusive 
beds, volcanic fragmeutal material, or dikes may occur in the older
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series, which nowhere are associated with the newer. It is possible, of 
course, that eruptives may penetrate the inferior members of a series 
and never reach the higher formations; but if it be found that the sup­ 
posed inferior series is associated with abundant material of igneous 
origin which never passes beyond a certain plane, it is almost demon­ 
strative evidence of the later age of the newer series. A notable 
instance of this is found in the Doe Eiver section of eastern Tennessee, 
where the granitic rocks, supposed to be older than the associated 
elastics, are cut by very numerous schistose dikes which never intrude 
the latter. If it were not for these dikes it might be reasonably inferred 
that the granitic rock is an eruptive later than the elastics (although 
the absence of contact phenomena would be against this), but as the 
basic dikes are unquestionably 'intrusives of later age than the gran­ 
ites, and yet never cut the sedimentary rocks, this explanation can 
not possibly apply. Evidence of this kind is particularly decisive if 
the dikes are traced up to the plane of contact and are found to be 
eroded or disintegrated, as is the case in the Stamford dike at Clarks­ 
burg Mountain, Massachusetts, described by Pumpelly, which enabled 
that author to determine positively that the granitoid gneiss is uncon- 
forinably under the Cambrian quartzite.

(5) Closely connected with (3) and (4) is degree of crystallization as 
a guide to unconformities. It has been seen that crystalline character 
is often taken on in proportion as dynamic action occurs. Where the 
folding, which affected only the older series, was severe, it as a whole 
is more crystalline in character than the newer. Igneous material 
is also often a potent factor in the production of crystalline character. 
As, however, recrystalhzation is often produced by cementation, meta- 
somatic change, etc., this criterion must be used with caution, and 
regarded as a cause to search for other evidences of an unconformity 
rather than to be used alone as a basis upon which to infer an uncon­ 
formity. But even a difference in the amount of static metainorphisin, if 
the rocks are equally likely to be affected, may be evidence of difference 
in age. In determining degree of crystallization, the modern petro- 
graphical methods serve one of their most useful purposes, since many 
rocks which in exposure or in hand specimen appear to be about equally 
crystalline are shown in thin section to be of a fundamentally different 
character. A completely crystalline rock in some cases can not be 
discriminated microscopically from one which is merely indurated by 
cementation. For instance, a thoroughly crystalline granite and a 
recomposed rock built up of the debris of this granite, especially 
when the particles are in the form of individual minerals rather than 
pebbles, present much the same appearance in mass, but a glance at 
sections of the two under the microscope shows the thoroughly crys­ 
talline interlocking character of the one and the clastic character of 
the other. Another case quite as marked is the discrimination between 
much foliated eruptive rocks and ordinary argillaceous rocks showing
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secondary structures. In the latter class the particles of quartz and 
feldspar may often be seen with their oval forms nearly as regular as 
on the day m which they were deposited, while in the other case an 
entirely different appearance is presented.

(6) Basal conglomerates are one of the most important means of 
determining a plane of unconformity, but it must be clearly shown 
that the conglomerate is really a basal one. Conglomerates may occur 
at other positions than at basal horizons, and it will riot do to assume 
that an unusually conglomeratic layer is basal. A conglomerate is 
likely to be basal when the major portion of the debris is derived from 
the immediately subjacent member; but even here the exception must 
be made that m case this subjacent member is a surface igneous rock 
the presence of the conglomerate is no evidence of a time break. If, 
however, the igneous formation is of such a character as does not 
pertain to any but a deep-seated rock, the fact that it is at the surface 
and yields fragments to the overlying formation is evidence of a time 
gap. Also, evidence of a break is just as decisive when the underlying 
rock has a secondary structure which was produced prior to the deposi­ 
tion of the conglomerate. This may be determined from the fact that 
fragments broken from a slaty or schistose rock are apt to be longer in 
the direction of the lamination, and when deposited in the overlying 
series they naturally lie with their secondary structure at an angle to 
that of the underlying series. It matters not whether the inferior 
series be of sedimentary or of igneous origin. In either case a long 
time was required to develop the secondary structure and to bring it 
to the surface by erosion. While basal conglomerates are often found, 
they are also often absent where other evidence shows that there are 
discordant relations between two series. This absence is explained 
in some cases by Pumpelly's disintegration theory, the encroaching 
shore-line finding a set of disintegrated rocks which are ready to yield 
particles of the constituent minerals rather than pebbles. Such condi­ 
tions are likely to occur if the land area is baseleveled.

(7) General field relations are often sufficient to establish discordant 
relations between series where all other lines of evidence are lacking. 
Where, in a region, immense stretches of rock of one series are always 
found in an undisturbed condition, while an adjacent series is always 
disturbed, discordant relations may be inferred. This is particularly 
evident when the horizontal series fills bays in the older rocks, or is 
found as inliers surrounded by the older rocks. Again, the general 
field relations may establish an unconformity, even if both series are 
disturbed. One case of this is the occurrence of a uniform belt of 
stratified rocks which, perhaps with a monoclinal structure and a some­ 
what uniform strike and dip, runs for great distances, the rocks of the 
adjacent uiiconformable series being here of one kind and there of 
another kind. The evidence for the unconformity in this case is still 
further emphasized if the lower series, instead of having a simple 
structure, is folded in a complex manner.
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General field relations may betray unconformity even where the 
newer series was folded 111 a more complex manner; as, for instance, 
where it was subjected to two erogenic movements, the first of which 
placed it in a monoclinal attitude, and the second of which, acting 
at right angles to the strike, gave it a fluted structure. The lower 
series, instead of having this regular structure, having been subjected 
to still earlier orogemc movements, is more irregular in its distribution, 
and the difference in simplicity of areal relations, of the two series 
increases in proportion to the number and intensity of the earlier move­ 
ments. However, as the movements which affected the newer series 
increase in number, the difficulties of discovering discordances by gen­ 
eral field relations increase. These and other cases of general field 
relations which show unconformity may not appear to the observer 
while doing detailed work, since no contacts or other ordinary indica­ 
tions of unconformity are found, but appear strongly when the work 
is platted. To my mind, general field relations of the kinds above 
cited are in some instances more decisive evidence of unconformity than 
almost any kind of local relations. Where the local proofs above con­ 
sidered, combined with general field relations, unite as evidences of 
unconformity, as is often the case if the worker takes advantage of 
all the facts available, the accumulated evidence for discordant rela­ 
tions, even in difficult regions, is often decisive.

ERRONEOUSLY INFERRED UNCONFORMITY.

Unconformities have been frequently inferred on insufficient grounds. 
False bedding on a large scale may be mistaken for unconformity. 
Inclined false beds may be truncated by water action, and over the edges 
of the truncated layers new beds may be deposited. This phenomenon 
may occur along a single horizon for a distance of miles. In this case the 
truncated lower beds are not sufficiently indurated to yield coherent 
fragments to the overlying beds. However, as noted under intraforma- 
tional conglomerates, the lower beds may, under favorable conditions, 
yield fragments to the higher. The fact that a lower bed or formation 
has cleavage or fissility while an overlying one has not may be taken 
as an evidence of unconformity. However, since cleavage or fissility 
may be developed in certain rocks more easily than in others, it may 
affect a lower bed and stop abruptly at a higher and more massive bed, 
and this in a continuous conformable series. In this case there are 
usually no fragments derived from the cleaved or foliated formation to 
be found 111 the overlying formation, but in some cases such fragments 
of dynamic origin may be found (see pp. 081-682). Frequently the 
misinterpreted evidence of unconformity is a discordance m the strike 
and dip of the foliation of two formations at some distance apart. The 
strikes and dips of banded and contorted schists and gneisses often vary 
so greatly, even within short intervals, that a difference of this kind can 
not be taken as an indication of discordance. This error has sometimes
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occurred because it has been assumed that foliation accords with bed­ 
ding. When it is recognized that this structure is secondary, that 
it may be produced in either sedimentary or igneous rocks, and that it 
does not generally correspond over large areas with bedding, it becomes 
plain that such evidence ought not to be used as an indication of a 
structural break. An apparent discordance may occur as the result of 
faulting. Such a contact is particularly likely to be mistaken for 
unconformity when an autoclastic rock develops along the contact 
zone and the beds below the fault chance to be more crystalline than 
the overlying beds. In this case the distinctions made on pp. 680-681 
between the character of an autoclastic rock and that of a basal con­ 
glomerate enable one to detect the true nature of the phenomenon. 
When alternating beds of a rigid and plastic character are folded, as 
for instance limestone and cherty quartzite, or shale and cherty quart- 
zite, the plastic bed limestone or shale may take on minor plications, 
while the rigid beds are broken into a breccia. At the same time the 
plications of the plastic layer may be truncated by the grinding of 
the broken fragments of the harder layer (fig. 153). Such phenomena 
are particularly likely to be mistaken for unconformity. The true char­ 
acter of the phenomena is indicated by the fact that the broken material 
is a breccia, which differs from a true conglomerate in that the frag­ 
ments are all local, being wholly derived from the rigid members folded. 
The phenomena are still more deceptive if a secondary structure is 
developed iu the lower formations which abuts against but does not pass 
into the higher formation. Finally, volcanic conglomerates or tuffs, 
erosion conglomerates derived from contemporaneous lavas, conglomer­ 
ates formed in shallow seas by storms of exceptional violence far from 
the shore, intraformational conglomerates, and autoclastic rocks, as 
shown on pp. 721-724, may be mistaken for true basal conglomerates, 
and thus unconformities may be inferred erroneously.

OBLITERATION OP THE EVIDENCE OP UNCONFORMITY.

In cases of unconfoimable series, when the newer series has not been 
greatly deformed, it is usually easy by some of the criteria given to 
detect an unconformity. In proportion as erogenic movements and 
consequent metamorphism affect the new series, it is increasingly diffi­ 
cult to do so, and when these processes go to the extreme all evidence 
of the most profound unconformity may be entirely obliterated.

(1) When two discordant series are closely folded the readjustment 
of the material in the folding tends to bring the beds of the two series 
into a parallel position, and if the folding goes so far as to produce 
an isoclinal structure, they may become almost parallel. That this is 
true is shown by the fact that in isoclinal folds, whatever the position 
of the original beds, they have a uniform dip. Moreover, it sometimes 
happens that the folding process goes so far as to nearly or entirely 
obliterate the original bedding of series, in which case little or no
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evidence of discordance can be expected to be detected by the bedding. 
Obliteration of bedding is more likely to occur in case the discordant 
series or formations were composed of a shale or mud, and less likely 
to occur in case they were composed of heterogeneous beds of different 
resisting character, as shale, sandstone, or limestone.

(2) The difference in number of erogenic movements to which, dis­ 
cordant series have been subjected is difficult to detect if the move­ 
ments which have affected the later series are severe. These later 
movements may have modified the previous structures so as to domi­ 
nate and obliterate the evidence of them.

(3) If movements affecting the newer series are severe, it may not be 
possible to get discordance of the bedding of a newer series with the 
secondary structure of an earlier series, for the later severe erogenic 
movements may develop common secondary structures in both newer 
and older series. This obliteration of the bedding of the upper series 
and the production of a common foliation is much more likely to occur 
upon the legs of the folds than at the crest of the anticlines or the 
troughs of the synchnes. Hence these places, and particularly those 
where there are cross-sections of the crest and trough, should be 
examined. It is here very often easy to detect the original bedding 
cutting the schistosity, while npon the limbs of the folds the two are 
apparently in perfect accordance.

(4) Where the lower series is permeated with eruptives which entered 
befpre the overlying series was deposited, this is one of the most per 
manent evidences of unconformity. But if the orogenic movements 
are profound, it has been seen that even igneous rocks may be trans­ 
formed into schists which can not certainly be discriminated from sedi­ 
mentary rocks, and therefore if the later movements are intense, even 
this evidence of unconformity may not be available.

(5) In case the orogenic movements or other metamorphic forces 
are sufficiently powerful to produce a holocrystalline structure in the 
newer series, difference in degree of crystallization is no longer an 
available guide to an unconformity.

(6) Even the thickest basal conglomerates containing pebbles and 
bowlders of the most resistant character may be transformed into 
crystalline schists which show no evidence whatever that they were 
originally pebbled rocks. This has been shown in numerous cases by 
undoubted transitions from comparatively little mashed conglomerates 
to completely crystalline schists. But even where the orogenic move­ 
ments are strong enough to obliterate the conglomerates along the zones 
of maximum mashing, such as the limbs of folds, they may often still 
be found with distinctly recognizable characters at the crests of anti­ 
clines and in the troughs of synchnes. Just as in case (3), places favor­ 
able for the preservation of conglomerates should be sought. Dis­ 
cordant series are known in which the metamorphism was so intense 
that the lower and upper series, with a common foliation, at some local-
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ities apparently grade into each other, whereas at other localities, where 
the conditions were less favorable for the destruction of the conglom­ 
erates, great basal conglomerates with all their typical characteristics 
are found. Certain geologists writing of these areas, and finding the 
localities where there are transitions between the two series, and not 
discovering those in which the conglomerates occur, have concluded 
that the higher series was progressively metamorphosed into the lower. 
Others, with the same facts available, in cases where the lower series is 
igneous have concluded that it is intrusive in the higher.

(7) Where the orogenic movements were at all extensive it is not 
ordinarily possible to use general field relations as evidence to establish 
unconformities, for old and new series are likely to be infolded in such 
an intricate manner as to give no evidence by their relations of an 
unconformity. But if two sets of formations, each with definite char­ 
acters, occur in broad areas in the same district, this may suggest that 
the two sets are unconformable, even if they have a common type of 
folding and like secondary structures in similar attitudes.

EXTENT OP TJNCONFOKMITY.

It is well known that at many periods, if not during all periods, of 
geological history the land has, in reference to the sea, slowly risen here 
and slowly fallen there, but slight advances and retreats of the ocean do 
not produce unconformities, although conglomerate beds may be pro­ 
duced. An unconformity implies at the least an epeirogenic movement 
which places the land above the sea, a time of erosion, and another 
movement which depresses the land below the sea, and therefore the 
phenomenon can scarcely be less than regional in extent. Often, also, 
affecting a part or a whole of the region are orogenic movements, which 
may be either gentle or so severe as to closely plicate the strata. In the 
past, while the regional extent of unconformities has not generally been 
explicitly asserted, it has been tacitly recognized; for several of the 
major divisions of the geological colnmn were first made upon wide­ 
spread unconformities. In these cases the lapse of time represented by 
the unconformities was sufficient to cause a change in the life, cither by 
evolution or by new physical conditions, so that in the rocks upon the 
opposite sides of the unconformities are different faunas. While uncon­ 
formities are in some cases limited by a geological province, in other 
cases they may aflect an entire continent.

One or two instances may be given. The unconformity at the base 
of the Cambrian of North America is universal throughout the entire 
eastern and northern part of the continent. The Appalachian revolu­ 
tion at the close of the Paleozoic not only made a profound unconformity 
which extends over the whole of the eastern part of the continent, but 
changed the physical conditions for a much larger area. Again, the 
unconformity between the Miocene and the Pliocene is at least coex­ 
tensive with the distribution of the two series of rocks in the eastern



VAN HISK ] THE TIME REPRESENTED BY UNCOMFORMITY. 733

and western parts of the United States. The conditions requisite to 
produce an unconformity are, then, such that, if pronounced, it can 
scarcely be less than regional in extent, while an occasional uncon­ 
formity may affect a large part of a continent.

It is by 110 means certain that some of the larger unconformities may 
not be intercontinental in extent. If Suess's theory is true, that the 
emergences of entire or nearly entire continents from the sea are really 
due to differential subsidence and from it I see no escape it follows 
that the emergence of one land area by the sinking of the sea bottom, 
would be accompanied by the emergence of all other land areas which 
were not under a greater depth of water, unless they too subsided 
with the sea bottom. After such land areas were eroded the subsidence 
of one of them might follow until it was submerged. This would not 
necessarily result in subsidence of the other land areas which emerged 
at the same time. Later, however, these other land areas might sub­ 
side and be submerged. It would then follow that the unconformities 
thus produced in different continents would begin at the same time but 
not be of the same duration. It is to be noted that this possible partial 
intercontinental equivalence of unconformity is producible by the 
initial subsidence of the sea bottom. Intercontinental unconformities 
are not asserted, but I believe,that they are possible, and that the 
determination of whether or not they exist is a hopeful question for 
investigation.

THE TIME REPRESENTED BY UNCONFORMITY.

The time represented by an unconformity may vary from a fraction, 
of a period to one or more eras. Where the rocks of an inferior series 
are but little folded and consolidated or cemented, so as to yield frag­ 
ments to the superior series, it may be that the unconformity took for 
its accomplishment but a minor part of a period. Orogenic move­ 
ments and erosion, while slow from the point of view of years, are 
recognized to be so'rapid that several such movements may occur 
within a single period. For instance, within the Cretaceous an uncon­ 
formity is recognized by White. In the Carboniferous of Great Britain 
two unconformities are recognized by Geikie. Even where the rocks 
were somewhat closely folded, with consequent development of cleavage 
or flssility and metamorphism of the rocks, the unconformity may 
occupy only a part of a period. This is shown by. the Green Mountain 
area." Here the Lower Silurian or Ordovician rocks were folded and 
metamorphosed before the Upper Silurian rocks were deposited upon 
them unconformably. Where, however, repeated orogenie movements 
have occurred, or where the folding of the strata is of the most intri­ 
cate character, or where there have been repeated outbursts of igneous 
material and the igneous rocks thus intruded are of a character which 
could be produced only far below the surface, it may be questioned 
whether such profound changes can occur within less than a period of 
geologic time. If, for instance, coarse-grained granitic rocks or coarsely
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foliated completely crystalline-rocks are found at the surface, their sec­ 
ondary structure being truncated, this indicates profound erosion, for 
coarsely granulated rocks and thoroughly developed crystalline struc­ 
tures could have been produced only at gr.e.aj; depth.

On the other hand, an apparently very slight unconformity may 
mark an era or more than an era of time, and such an unconformity 
may be a continuation of the same unconformity which shows the most 
violent contrast of the two series in folding, relations to eruptives, 
and degree of crystallization. This may be illustrated by supposing a 
transgression of the ocean to pass over the eastern half of the United 
States. West of the Appalachians post-Pleistocene rocks would be 
deposited upon the nearly horizontal, gently eroded, and feebly indu­ 
rated Paleozoic rocks of Ohio, Indiana, and Illinois. So far as the 
structural phenomena are concerned the discordance would be so 
slight that it might have occurred within a comparatively short inter­ 
val of time, geologically speaking. In the New England area, on the 
other hand, the new rocks would be deposited upon the intricately 
folded, profoundly metamorphosed, and deeply denuded Paleozoics of 
the Green Mountains. Here the phenomena would show a major uncon­ 
formity, and yet this would be a continuation of the same unconformity 
in the little disturbed area to the west.

As actual instances of a great time gap, either with slight or no dis­ 
cordance, may be mentioned the following: In the southeastern United 
States the Upper Devonian rests directly upon the Silurian, no dis­ 
cordance being thus far discovered. In Texas, White 1 reports the 
Lower Cretaceous rocks as resting directly upon the Carboniferous 
with apparently perfect conformity, the whole of the Triassic and 
Jurassic beiiig missing.

I therefore conclude that a slight unconformity may marls, no more than 
a minor part of a period; that a great unconformity probably always 
marlcs at least a major part of a period; and, filially, that a slight or 
great unconformity may marlc eras of time.

STRUCTURAL WORK IN NONFOSSILIFEROUS ROCKS

Unconformity. Since a discordance can not be assumed to be less 
than regional in extent, unconformities give the best datum horizons 
from which to build in working out the pre-Cambrian stratigraphy of 
a geological province. This may not be true among the Cambrian and 
post-Cambrian rocks, even in the same region, because fossils have 
often furnished the main datum horizons. However, as has been said, 
m the regions in which the period names were first applied, the rocks 
were usually delimited by physical breaks, and even after these periods 
were given a definite meaning npon a biological basis there was a strong 
tendency to separate the periods in each individual region upon a physi­ 
cal rather than a biological basis. As examples of this may be cited 
the Newark system 2 (Jurassic or Triassic, or both), which is separated

1 Correlation Papers Cretaceous, by Charles A White. Bull U S Geol Surv No 82,1891 
Correlation Papers The Newark System, by I C Bussell Bull U. S Geol Snrr. No 85,1892
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by an unconformity below from the Paleozoic and by an unconformity 
above from the Cretaceous. In the same province the Eocene is delim­ 
ited by Clark 1 by unconformities from the Cretaceous and the Neocene, 
although great faunal changes are naturally connected with these 
structural breaks. Williams 2 (H. S.), primarily a paleontologist, says 
that physical revolutions "constitute the most satisfactory marks for 
the primary classification of geological history," and he bases nearly all 
the larger divisions of the geological column of North America upon 
physical breaks. Even in the post-Algonkian, then, we find that physi­ 
cal unconformity is of the greatest importance in major stratigraphy. 
In the pre-Cainbrian, fossils for structural work are yet lacking, and 
hence unconformity is here of even greater importance.

Since pre-Cainbrian time was so long, there may be in the same region 
several unconformities, and hence it is necessary, in mapping any indi­ 
vidual region, that the number of existing unconformities be determined. 
This may nsually be accomplished by considering carefully the fullest 
sections obtainable in many different areas. Having once established 
the number of unconformities, it is generally possible to place a given 
series m its correct position in reference to the unconformities discov­ 
ered. Failure to recognize an unconformity may, however, result in 
throwing two series together, as in the case of the Upper Huronian and 
the Lower Huronian in the Lake Superior region.

It can not be assumed that because strata are between two unconform­ 
ities they are of equivalent age, for an unconformity in one part of a 
region may cover the time represented by two or more unconformities 
aud intervening series in another part of the same region, this being due 
in some cases to the entire removal in parts of the region of the inter­ 
vening series during the erosion interval represented by the upper 
unconformity. For instance, in parts of the Lake Superior region the 
Upper Cambrian sandstone rests directly upon the Archean, while in 
adjacent districts between the sandstone and the Archean there are 
three unconformities and three intervening series, each of great thick­ 
ness. Moreover, if above a horizon of unconformity it has been shown 
in different districts that the same series occurs, it does not follow that 
the lower members of this series are of the same age. The transgres­ 
sion of the ocean may have occurred slowly, and thick formations may 
have been deposited in one part of a region which are not found in 
another part, because the sea had not yet reached this part of the 
area. Hence a series above an unconformity may consist in one part 
of the area of a certain set of formations,'and in another part of the 
area of another set of formations, a downward continuation of the first, 
these being absent in the first area because this district was above the 
water when the sediments of the adjacent district were deposited. 
Also in different districts of the same region formations of a different 
hthological character may be deposited at the same time.

' Correlation Papers Eocene, by Win B Clark Bull TJ S Geol Surv No 88, p 379,1891 
1 The Elements of the Geological Time Scale, by H S Williams Journ of Geol, Vol I, pp 283-290, 

1893 Geological Biology, by H S Williams, ls>95, pp 39-47
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Sequence of formations. Subordinate to unconformity, but accessory 
to it, and helping to identify horizons of unconfdrmity, is sequence 
of formations. If a set of beds of a peculiar lithological character 
occurs in a certain order in one part of the region, aiid are bounded 
above and below by unconformities, and a similar set of beds with like 
relations to unconformities is found in another district, the inference is 
that the two sets of formations and the two unconformities are the 
same, although the possibility that either one of these unconformities 
may split up into two or more unconformities with intervening series 
must be recognized.

As an instance illustrating this principle maybe cited the Penokee and 
Anitnikie series. On the south shore of Lake Superior is the Penokee 
series, consisting of a quartz-slate formation, an iron-bearing formation, 
and an upper slate formation. The series is separated by an unconform­ 
ity from the Keweenawan above and by an unconformity from the Lower 
Huronian and Archean below. On the north shore of Lake Superior, 
dipping southward, is the Ammikie series, composed of three similar 
formations in like order, and having like relations to the Lower Huro­ 
nian, Archean, and Keweenawan. The rocks of the two districts are 
therefore believed to be parts of a once-continuous series. Sequence of 
formations must, however, be used with caution, and in connection with 
other phenomena, for, according to the ternary law of strata, alternat­ 
ing formations of limestone, shale, and sandstone may be deposited 
again and again.

With proper checks and good judgment, however, sequence of forma­ 
tions, combined with unconformity, may be used with a considerable 
degree of certainty in correlating from district to district within a given 
geological province.

Lliliological character of formations. IsText in value in structural work 
to sequence of formations is a single formation of a definite lithological 
character. This criterion has, however, decided limitations. A forma­ 
tion of a certain character may die out or may change its character; con­ 
temporaneous beds upon opposite sides of a separating ridge may have 
entirely different characters.

A formation is more likely to change in lithological character if nearer 
a shore-line; hence littoral formations need to be closely inspected. 
On the other hand, formations in mediterranean seas may have a like 
character and little variation in thickness for vast distances. Similarity 
of lithological character is likely to be of wider extent than equal thick­ 
ness. These statements are particularly well illustrated by the great 
Silurian limestones of the Mississippi Valley. A similar wide extent is, 
however, possible for shales, as is illustrated by the Devonian of the 
southern Mississippi Valley. Also, there is no reason why sandstones 
deposited in shallow seas should not have a very wide extent.

The number of diiferent kinds of original sediments is so small that 
the conditions which cause their deposition may occur again and again;
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also similar formations in different series may have similar metamor- 
phism, produced at the same time by folding, and consequently may. 
contain similar metamorphic rocks of different ages. As a remarkable 
instance of this may be cited the iron-bearing formations of the Upper 
Huronian and Lower Iluronian, which were originally cherty sidente or 
ankerite, but which, since Upper Huronian time, have been transformed 
into the numerous varieties of peculiar rocks constituting the iron-bear­ 
ing members. The lithological likeness was such as to lead to the con­ 
clusion that they belonged together, and this mistake deferred a proper 
understanding of Lake Superior stratigraphy for many years. Litho­ 
logical character, however, considered m connection with the original 
condition of the rock, its relations to eruptives, and its degree of 
metamorphism, is an important assistance in correlation, especially 
when taken in connection with sequence of beds and unconformity. 
But to infer, as has been done, that qtiartzites, not only in the same 
geological province, but in different geological provinces, are of the 
same age because lithologically alike, or that a period is characterized 
by eruptive rocks of a definite kind, as, for instance, the anorthosites, 
or that the rocks of a certain period are white gneisses, is wholly 
unwarranted. The first of these suppositions would involve the con­ 
clusion that a thick sandstone formation which has been subsequently 
cemented to a quartzite had been deposited but once in pre-Cambrian 
time, the second that extensive areas of igneous rocks of the same kind 
are necessarily of the same age, and the third that the white gneisses 
are all of the same origin and age.

Correlation. Thus, while we have the means to work out the stra­ 
tigraphy within a region, and to subdivide the rocks into series and 
formations with a greater or less degree of certainty, we as yet are 
helpless in passing from region to region in pre Cambrian correlation. 
When several series occur in like order separated by unconformities, 
and having certain lithological analogies, there has been a tendency 
to place them as equivalent; as, for instance, m the Grand Canyon 
region of Colorado and in the Lake Superior region. In each case we 
have at the bottom crystalline gneisses, granites, and schists; above 
this complex in one region a Vishnu series, in the other a Lower 
Huronian series; in the one an Unkar series, in the other an Upper 
Huronian; and in the one a Chuar series, m the other a Keweena- 
wan. These series in each, district are separated by unconformities, 
and in the Grand Canyon region are tinconformably below the Tonto 
sandstone, and m the Lake Superior region unconformably below the 
Potsdam. Pre-Cambrian time was, however, so long that it is possible 
that all of the three sedimentary series of the Grand Canyon region are 
wholly above the three sedimentary series of the Lake Superior region. 
Any one of the unconformities in either region may represent the time 
in which all of the sedimentary series and the separating unconformities, 
 with concomitant metamorphism, were being formed in the other region. 

16 GKEOL, PT 1  47
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While all of these extreme suppositions are clearly possible, it can hardly 
be said that any one is probable. However, it can not be said to be 
improbable that sedimentation was taking place in one of the regions 
when erosion was occurring in the other, and thus that one or more 
series in one region is equivalent to one or more of the unconformities 
in the other district. Finally, it is not impossible that the Lake Supe­ 
rior and Grand Canyon regions belonged to the same geological prov­ 
ince during the whole or a part of pre-Cainbrian tune, in which case 
some of the periods of erosion and sedimentation were in a general way 
contemporaneous. The two regions were in the same province m early 
Cambrian time. At the beginning of that period both regions were 
above the water. The Cambrian transgression, beginning at the south­ 
east, reached the Lake Superior region and the Grand Canyon region 
at approximately the same time, and thns the Upper Cambrian deposits 
are roughly equivalent; but it can not be shown as yet that this uncon­ 
formity does not extend to a more remote time 111 one region than in the 
other region, i. e., that one region arose from the sea before the other. 
If this were the case, a part of the erosion interval in one region would 
be equivalent to a part of the deposits of the other. If, as has been 
suggested (pp. 732-733), great unconformities aie caused by differen­ 
tial subsidence, it may be possible to extend some unconformities 
throughout a continent, or even from continent to continent.

The only ways known in which the questions of correlation between 
geological provinces in pre-Cambnan rocks can be certainly solved 
are to find fossils in the seiies concerned or to work out the physieal 
history of the continents. That fossils will be found in the immediate 
future in these ancient formations in such abundance as to solve the 
major questions of correlation is hardly to be hoped, but it is probable 
that assistance in some regions may be rendered by paleontology; for 
already pre-Cambrian fossils have been discovered in some areas. 
However, the more hopeful direction of attack is along the line of the 
physical history of the continent. Much work has been done in recent 
years in this direction, and such great progress is being made that we 
may hope to carry the history of the continents, at least m outline, for 
some distance back into the pre-(Jambnan.

lieasons are subsequently given for favoring the view that the crys 
talhne complex underlying all of the sedimentary series was probably 
formed under exceptional conditions, and that these may be placed 
together as belonging to one great division of geological time. For this 
division the term Archean is advocated. For the great fraction of the 
world's history represented by the deposits between the Archean and 
the Olenellus fauna, the term Proterozoic for the era and Algonkian for 
its equivalent period are used. It is recognized that the Proterozoic era 
should be divided into several periods, and that this will be done in the 
future is possible. Since at present we have not sufficient knowledge 
to do this, the term Algonkian was introduced by the United States Geo­ 
logical Survey to cover the rocks deposited during the whole era, witli
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the understanding, however, that when rocks are referred to as Algon- 
kian in different geological provinces, it does not necessarily imply that 
they are of equivalent age. It implies only that they occupy some part 
ot the great time space between the Archean and the Cambriaii.

Iii each individual geological province the only safe method of work, 
then, is to build up a system of stratigraphy independent of the stratig­ 
raphy of other geological provinces. If unconformities occur, these 
give a basis for separating the formations into series. The series may 
be divided into formations. The series and formations should be given 
local names, and thus avoid implied correlation of them with the series 
and formations of other provinces. If lu the future paleontological or 
other evidence becomes available, so that it shall be possible to equate 
the formations and series of the different provinces, the local names will 
not be the less valuable, and in the meantime progress will not be 
checked by the implication that we have knowledge where knowledge 
does not exist.

PRACTICAL METHODS OF FIELD WORK

A completely satisfactory monographic report upon an area of much 
folded pre-Cambnan rocks should be accompanied by a map which 
shows in detail the position and character of all important exposures 
and a sufficient number of sections in various directions to make the 
structure clear. Such a map should show the observations, as well as 
the inferences which are drawn from them. This might well be accom­ 
panied by a second map, on a smaller scale, giving the generalized con­ 
clusions without the observations upon which they were based.

This statement applies to certain post-Cambrian areas as well as to 
pre-Cambriati areas, but the work which is necessary to a determination 
of the structure is in the one case usually very different from the other. 
In a simply folded area of Cambrian or post-Cambrian rocks one can 
often construct a map by making traverses across the strike of the rock 
at intervals wide apart, examining on the way the more prominent 
exposures and quarries. Oftentimes only a very small amount of 
material other than fossils needs to be collected. This, however, is not 
the case where the fossiliferous rocks are closely folded, and especially 
where metamorphism has gone so far as to obliterate fossils or to render 
their discovery difficult.

In the most complexly folded districts, in order to attain the above 
results it may be advisable to do the following: (1) All of the exposures 
are visited, studied, speciinened, and located; (2) the rocks are pro­ 
visionally named in the field, and specimens are taken in all cases in 
which there is any doubt as to their present or original character; 
(3) strikes and dips are taken at numerous places; (4) the characters of 
the folds, simple, composite, and complex, are determined, and each fold 
is represented upon the map by suitable conventions; (5) in the notes 
and on maps are given data as to all secondary structures; (G) a mag­ 
netic survey may be made, for magnetic formations may be traced
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from outcrop to outcrop m this way when not continuously exposed; 
(7) formation boundaries are followed m detail, for in intricately 
folded areas the boundary line between formations is of so compli­ 
cated a character that it can not be inferred to run for any dis­ 
tance in the direction which is observed at a particular point; (8) as 
fast as the work progresses it is mapped in the field, in order that the 
geologist may get a proper idea of the structure of the area already 
covered, and thus continue the work intelligently; (9) after the field 
work is finished, thm sections are made of all rocks the characters of 
which are doubtful or which are likely to give any clue to the history 
of the district. The provisional field determinations of the rocks are 
thus verified or corrected, and the genesis of the rocks is worked out. 
After this is done it may be necessary to further revise the work in the 
field, and particularly to rectify the formation boundaries.

The particular method of mapping will depend largely upon the 
character of the country and the excellence of the base maps which are 
available. If large-scale, accurate topographic maps are at hand the 
location of an exposure is at once determined, in both its horizontal 
and its vertical elements. If the distuct is one of numerous roads and 
trails these greatly simplify the work, as a network of determined lines 
are furnished both for easy and rapid movement and for starting-points 
in locations. Having a base map of the highest grade, with simple 
instruments one may quickly determine where he is, and place upon 
the plat at once all his observations. As an example of such excep­ 
tionally favored regions may be mentioned the Highlands of Scotland, 
where the 6-inch ordnance maps are available. Yet even here, with all 
the advantage thus furnished by this map, the detailed mapping of this 
region has been an exceedingly slow process.

In many of the mountainous regions of the United States topo­ 
graphic maps on a scale of 1, 2, or 4 miles to the inch are available. 
With these maps the more prominent points may be easily located, but 
it is sometimes difficult to identify the smaller features. Here a simple 
light traverse plane-table, like the United States Geological Survey 
model, may be used to locate one's sell. After a point is determined 
the geology may be worked in for some distance about by the odome­ 
ter, by pacing, or by some other rapid method of measuring distances. 
From a determined point other points may be quickly located, and the 
work thus extended.

For critical areas it may be found that the topographic base is not 
adequate, in which case it will be necessary to supplement it by an 
especially large-scale topographic map. Methods of making such a 
topographic map will not be here discussed in detail. It may be said, 
however, that if two men work together, one as an assistant at the 
instrument and the other as geologist, the work will progress at a com­ 
paratively high degree of speed, and the topographic and the geologic 
mapping be done at the same time. The assistant may be provided with 
a Jolmson plane-table and a simple telescope alidade. The geologist,
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in addition to his ordinary equipment, has a light stadia rod. As he 
traces the boundary between the formations, or finds any other points 
which need location, he elevates his rod and is located by the assistant. 
The latter, when not occupied by this duty, is working in the topog 
raphy. Observations of the geologist and assistant have like num­ 
bers, so that the field observations of the geologist may he placed upon 
the topographic map at the end of the day's work or in the office.

In still other areas no topographic maps are available. Here geo­ 
logical work mnst be based on the township surveys, if these have been 
made. In important economic areas these township-plat surveys may 
serve as a primary basis, and the plane-table be used to make a base 
map where the relations between topography and structure are close. 
In some districts of closely folded rocks in which the relation between 
structure and topography is not close, satisfactory work may be clone 
without a tographic map, but at a much slower rate than with a good 
map. Locations may be made by a regular system of traverses from 
the section corners and quarter posts and intermediate points across 
the section lines. In general, the direction of traversing will be across 
the strike of the rocks. Whether the traverses be made at intervals of 
2,1, one-half, one-fourth, or one-eighth miles will depend upon the 
intricacy of the geology. In mapping forest-covered districts, the time 
of the geologist, and therefore the'expense upon the whole, is saved by 
having an experienced cornpassman as an assistant, who does the 
pacing and therefore the locating, while the geologist is free to go in 
any direction in search of ledges and to make his observations. He 
can then be located wherever he wishes by the compassinan.

Since there are extensive areas where the rocks are covered by drift, 
disintegrated material, or alluvium, it may often be found necessary to 
supplement the above work by magnetic surveys. If certain formations 
are magnetic and others nonmagnetic, and but occasional outcrops are 
found, by making a magnetic survey it is often possible to trace the 
magnetic stratum across the intervening uonexposed areas, arid thus 
to determine the structure with a high degree of probability, when it 
would not have been possible to make the determination had the mag­ 
netism of a part of the formations been absent. The formation having 
this magnetic quality may be an iron-ore-bearing formation, an amyg­ 
daloid, or in fact any rock which bears any considerable quantity of 
magnetite.

The instruments necessary for making these magnetic surveys are 
not complex magnetometers, but the simple dial compass and dip needle. 
The dial compass is provided with an upper revolving circle graduated 
to degrees, enabling the geologist to take the strike, while the needle is 
free, and thus determines the variation at each observation. The lower 
graduated circle may be movable, so that the average variation can be 
set off, in a district where there is no local magnetic disturbance. Thus 
the instrument makes all corrections, and there is less opportunity for 
mistakes to creep into the observations. Such an instrument may also
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be furnished with clinometer, rule, and protractor, so that the only 
instruments necessary for the geologist are the dial compass, dip needle, 
a hammer, and a lens.

In using the dial compass in districts of magnetic disturbance, it is 
necessary that proper corrections be made for longitude and for the 
equation of time. The meridian is then determined by the dial, and 
the magnetic variation read at regular intervals. After the magnetic 
meridian is determined at each observation, the dip needle is used and 
the magnetic dip is ascertained. If the belt is one of great magnetic 
power, the vibrations of the dip needle may also be observed. In 
many cases either one of these instruments will serve to follow a forma­ 
tion from outcrop to outcrop over covered areas, but when different 
magnetic formations are closely associated, and thus the magnetic 
influence of one overlaps the other, it is frequently necessary to make 
very close observations with both instruments over the same area.

Tn wholly nnsurveyed areas cruder and less perfect methods must be 
adopted. For a first reconnaissance over a large area where no topo­ 
graphic maps or township plats are to be had, the distances may be 
measured by the micrometer compass and the directions with the needle, 
the course being followed from the time one starts from camp until his 
return, or until some other check point is available. By this method, 
combined with observations for latitude and longitude, a reconnaissance 
geological map may be constructed. Of this character are many of 
the surveys of the Northwest and of the vast interior of Canada.

A few words may be said as to good morals or good methods of 
work. The notes concerning any given exposure should be taken before 
the exposure is left. The very fact of writing what is seen sharpens the 
intellect and directs observation to undetermined points, and thus 
makes the notes more accurate and fuller than they would otherwise 
be. Notes written after an exposure is left always have an uncer­ 
tain element, dependent upon the faithfulness of the memory. In 
taking the strikes and dips of rocks a certain invariable order should 
be followed. The strikes should always read from the north. All 
specimens should be distinctly marked in some way at the moment 
of collection. The notes bearing upon the ledges from which specimens 
come should also have these numbers at their proper places, so that the 
specimens may be connected with the notes. A uniform style of graph­ 
ical methods of representing strikes, dips, axes of folds, synclmes, and 
anticlines should be adopted. In short, an invariable habit of work 
should be followed, and thus much energy saved. At the end of the 
day ideas which may occur touching the relations between the facts 
observed should be recorded. The attempt thus to give a generaliza­ 
tion from the day's work sharpens the wits and makes the geologist 
think of relations which were not before observed, and better fits him 
for the next day's work. He has an hypothesis or hypotheses which 
he is either to verify or to disprove, and consequently the following day 
he will work with greater keenness and insight.



II.

HISTORICAL GEOLOGY.
In the following resume of tlie present state of knowledge of the 

various regions of North America the order is not consistently geo­ 
graphical or geological, but rather that of the development of exact 
knowledge of the pre-Cambriaii rocks. The great Canadian pre-Cam- 
brian area is a geological unit, yet detailed study has been confined to 
particular localities, and of necessity the districts which have been units 
of work have been followed in this paper. The Original Lanrentian 
area is treated first. Following this the Adirondack district, the Hast­ 
ings district, the Original Huronian district, and the Lake Superior 
region are taken up in order. These are considered next because exact 
knowledge of the pre-Cambriau rocks therein is greater than of those 
rocks in other areas. Following the Lake Superior region the Great 
Northern region, Eastern Canada, and Newfoundland are considered; 
then the isolated areas of the Mississippi Valley, the Cordilleras, and, 
finally, the Eastern United States. The latter region, although the ear­ 
liest to be studied, is taken up last, for it is an area in which the condi­ 
tions for obtaining exact knowledge are the least favorable and in which 
comparatively little structural knowledge of the pre-Cambriau lias 
been acquired. The summaries of the present state of knowledge 
concerning the individual districts are not accompanied by references 
to literature. To give such references would very greatly extend this 
paper; and they are hardly necessary, since the pre-Cambnan litera­ 
ture has already been summarized in Bulletin 86 of the United States 
Geological Survey, and since that volume appeared, in successive num­ 
bers of the Journal of Geology. The statements made, except where 
they are specifically referred to some one else, must be regarded as my 
own opinion of the most probable conclusions obtainable concerning 
the various regions, considering the present state of knowledge. 
As a matter of course, the opinions expressed concerning many regions 
are based upon the work of others. Undoubtedly in various regions 
future work will show that I am wrong to a greater or lesser degree. 
The necessary brevity of this paper has made unavoidable the omission 
of modifying and qualifying facts and the opinions of others. The pur­ 
pose is to give a brief exposition of the present state of knowledge of 
the pre-Cambrian, rather than an exhaustive discussion of the facts.

The terms group, system, series, are used with the stratigraphical 
significance given them by the International Geological Congress. The
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chronological terms, era and period, corresponding to the first two, are 
used. Formation is used as one of the members of a series, as quartzite 
formation or limestone formation of the Huroman series. The term 
crystalline schist is rigidly confined to rocks which have a completely 
crystalline interlocking texture and a schistose structure due to a par­ 
allel or foliated arrangement of the mineral ingredients or of aggrega­ 
tions of these ingredients. The finely banded gneisses are typical exam­ 
ples. All rock masses which show within themselves indubitable 
evidence of clastic origin are excluded from the crystalline schists. An 
unaltered clastic or a senucrystallme formation may grade into a crys­ 
talline schist.

As indicated in the general discussion on the previous pages, the 
terms Cambrian, Algonkian, and Archean may be delimited as follows: 
The term Cambrian includes rocks below the Ordovician down to those 
containing the Olenellus fauna. Algonkian is a systemic term covering 
all recognizable pre-Cambnan clastic rocks and all semicrystalhne and 
crystalline rocks of equivalent age; it therefore includes completely crys­ 
talline rocks, but does not include all rocks of this kind, as holocrystal- 
liue rocks of sedimentary origin occur in post-Algonkian time. The 
Archean includes all pre-Algonkian rocks.

The term region is applied to a large area composing what is believed 
to be a geological province. A district is a subdivision of a geological 
province. Where knowledge permits, the rock succession, correlations 
with other districts or regions, and the principles illustrated are con­ 
sidered in order for each region or district. In most cases were the 
whole truth known nearly all of the principles would doubtless be 
illustrated, but in this summary only those principles which are illus­ 
trated with exceptional clearness are mentioned.

SECTION I.
 

TllK AKCHEAN.

CHARACTER OF THE ARCHEAN

The Archean may be considered to comprise the oldest group of rocks 
of which we have any knowledge. The group is often called the Base­ 
ment Complex. In certain areas these rocks are separated from the 
Cambrian by one or more series of sedimentary rocks of great thick­ 
ness. In some regions these intervening series may be separated from 
one another by unconformities, and they may be separated from the 
Cambrian and from the Archean by unconformities. Thus in certain 
aieas we know that the basement rocks are vastly older than the Cam­ 
brian. The character of the Archean will first be considered in those 
regions in which we have evidence of vast antiquity. In the Original 
Hnronian district, between the Cambrian and the Archean, or Basement 
Complex, there are probably two series of sedimentary rocks. These
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are separated by an unconformity from the Cambrian above and m like 
manner from the Archean below. In the Lake Superior region, separated 
from the Cambrian and from one another by unconformities, are three 
great series of sedimentary rocks. The lowest of these series derived 
its detritus from and rests upon the foliated edges of the Archean. In 
the Grand Canyon region of the Colorado the conditions are similar, 
certamly two aud perhaps three unconforinable series of pre Cambrian 
rocks, inferior in thickness only to those of the Lake Superior region, 
being separated by a great hiatus from the Archeaii below. In south­ 
western Montana, below the fossihferons Cambrian, is a downward 
extension of slates and quartzites of great thickness, and uneouforin- 
ably below this series is the Archeau. Similar relations obtain in the 
Wasatch Mountains. In the region about Hudson Bay are certainly 
two aud perhaps three series of uuconforrnable rocks between the 
Cambrian and the Archean, and separated from these by unconform­ 
ities. In certain other regions it is highly probable that the Archeau 
and the Cambrian are uuconforruably separated from one or more in­ 
tervening series of sedimentary rocks. Consequently, in many regions 
the Archean, in essentially its present condition, as shown by definite 
structural evidence, is vastly older than the Cambrian.

lu all of these regions m which the Basement Complex is so much 
older than the Cambrian, it consists of a most intricate mixture of 
nearly massive rocks, among which granite and gneissoid granite are 
predominant, and of gueissic and schistose rocks, all of which are 
completely crystalline. Between the various masses there are such 
intricate structural relations that nowhere has any certain structure 
been made out over considerable areas. The granites and basic erup- 
tives may occupy considerable areas; the gneisses maybe regularly 
laminated aud grade into the granites; the crystalline schists may 
occupy the outer zones of an area; they may all be confusedly inter­ 
mingled, schists, gneisses, and granites alternately predominating; 
sometimes*the schistose rocks appear in dike-like forms m the granites; 
at other times the acid rocks are in dike-like forms in the schists; 
at still other times the granite, gneiss, and schist are rather uniform 
and persistent for considerable areas. The granites usually show a 
rough lamination, which may not appear in hand specimens, but which 
is evident in large masses.

The minerals in the rocks usually show evidence of dynamic action; 
they do not have the clear-cut definite relations characteristic of the 
later plutoiiic rocks. In the chief mineral constituents of the rocks 
there is essential uniformity m all of the areas, although certain less 
common minerals may be found m one aiea which have not been dis­ 
covered in another. Orthoclase and acid plagioclase feldspar, quartz, 
hornbleude, inuscovite, and biotite are the standard minerals. To 
describe accurately the appearance of the rocks of the Basal Complex 

. is exceedingly difficult, but anyone who examines a set of specimens
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from the various areas will perceive the truth of the statement made 
as to the essential likeness of the rocks from different regions. A suite 
from any one of the regions which has been personally examined by 
me, if unlabeled, could by no possibility be asserted not to come from 
any other.

The unparalleled intricacy of the structure of this complex, the gen­ 
eral laminated arrangement of its parts, and the broken and distorted 
forms of the constituent minerals are evidence of repeated erogenic 
movements of the most powerful character. Further, the Basement 
Complex is recognized not only by its positive but also by its negative 
characters. Nowhere in it is there a persistent thick formation of quartz- 
schist (although vein quartz is abundant), of limestone or marble, of a 
graphitic schist, or of a conglomerate. If sandstones and limestones 
or other sedimentary materials have been a part of this system, the 
profound and varied mutations through vast lapses of time have 
wholly obliterated all evidence of their presence.

Besides the areas mentioned in which these most ancient rocks occur 
there are many other areas in which there are between the Cambrian 
and the Basement Complex or Archean great series of clastic rocks, 
although here the evidence at hand in favor of vast age for the Base­ 
ment Complex is less than in cases before cited. Herein are included 
the Front range of Colorado, which has between the Basement Com­ 
plex and the iossiliferous rocks 011 its eastern slope the clastic series 
of Boulder, Coal, and Thompson creeks; and the Quartzite Mountains of 
Colorado, where between the Basement Complex and the Carboniferous 
there is a great series of quartzites. There is definite structural evi­ 
dence for placing the basement rocks of these and other areas with 
those first considered. In a third class of areas no definite evidence in 
the nature of intervening series shows that between the Cambrian and 
the Basement Complex has intervened an era or even a period.

Because of the unique lithological character of the Basement Com­ 
plex in all these regions, and because of the essential likeness m 
structure, we have ground for grouping these rocks together, whether 
exactly of the same age or not. Arguments for correlation founded on 
lithological grounds may well be distrusted, but the exceedingly strange, 
varied, and complex lithological and structural characters of this group, 
of which we have 110 evidence of duplication anywhere in later times, 
are an argument of great weight. In the complexity of its parts and 
the implications of its structure it gives evidence of vast antiquity.

In Algonkian, Cambrian, Silurian, Devonian, and even later times, 
completely crystalline schists have been produced over large areas; 
but, while often in these systems no evidence now remains of clastic 
characters, they rarely if ever closely resemble this fundamental com­ 
plex. In the beginning of its history a clastic series was of necessity 
a shale, a sandstone, a limestone, a chert, or some other form of sedi­ 
ment, and often contained carbonaceous material. Cemeutation, meta-
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somatism, mashing, and other processes of inetainorphism may have 
profoundly changed any of these deposits. A limestone may have been 
transformed into crystalline marble, or if impure into a hornblende- 
schist containing scarcely a remnant of original carbonate. A cherty 
iron-bearing carbonate may have become an actmolite-magnetite-sehist. 
Carbonaceous shaly material may have become a graphite-schist; but if 
such a rock was represented in the Basement Complex, what has become 
of the carbon ? A sandstone may have become a granular quartzite or a 
foliated micaceous quartz-schist. But that great quartzite formations" 
like those of the Huroiiian of Lake Superior or the pre-Olenellus of the 
Wasatch can have become wholly obliterated by any process short of 
fusion is almost inconceivable. As has been sa.id, none of these rocks 
are found in the Archean throughout its whole vast area. In its posi­ 
tive as well as its negative qualities it is a unit. While it can not be 
considered demonstrated that all of the Archean areas are of the same 
age, it may, then, be accepted that in North America there is a system 
of granites, gneisses, and crystalline schists which are the oldest known 
rocks, and which have representatives in many areas throughout the 
United States, although most widespread and abundant in Canada. 
That such a basal system, exists is not a new idea; but it has not gen­ 
erally been recognized that between it and the Cambrian there elapsed 
an era in which were alternating cycles of the deposition of rock sys­ 
tems and of vast erosion intervals.

As here used, the term Archean is restricted to this Basement Com­ 
plex. It is no longer possible to regard as a unit or treat together all 
the pre Cambrian rocks. The rocks included in the Basement Complex 
are everywhere called Azoic or Archean. The crystallines and semi- 
cry stall mes above this complex, often called Archean, must be distributed 
from the Devonian or earlier to the pre-Cambrian. It is clear that if 
Archean is to remain a serviceable term it innst be restricted to some 
unit. Such a unit is the Basement Complex, and to it the term Archean 
is most appropriate.

ORIGIN OF THE ARCHEAN

As to the origin of the Archean, four different views are prominent: 
(1) The Archean consists of metamorphosed sedimentary rocks; (2) the 
Archean is igneous, but of later age than certain of the pre-Cainbrian 
elastics with which it is in contact; (3) the Archean is igneous and rep­ 
resents a part of the original crust of the earth, and is therefore 
older than any sedimentary rocks; (4) the Archean is igneous and 
represents a part of the original crust of the earth or its downward 
crystallization.

(1) The Archean consists of metamorphosed sedimentary rocks. 
Those who believe in the clastic origin of the Archean, as above defined, 
will not question the conclusion reached as to the age of the Basement 
Complex; for to produce a group of rocks so different from any known
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metamorphic elastics must imply not only great age but probably sedi­ 
ments which were originally deposited uuder conditions different from 
those of later times. This school, while believing in the detntal origin 
of the Archean as a whole, is aware that it has been cut again and 
again by eruptives of all kinds, and that the supposed elastics have 
been profoundly metamorphosed by contact and dynamic action, and 
in many places have been so changed that the place where the mtru- 
sives end and the elastics begin can not be pointed out.

If this sedimentary view of the origin of the Archean be correct, as 
no universal break in geological continuity can be asserted it should 
be found that between the Archean and the elastics there are grada­ 
tions. Hitchcock, Marvine, Stevenson, King, Wmchell, and others, 
accepting such a sedimentary origin, believe that gradations have been 
found betweeu the Basement Complex and the recognizable elastics in 
the Rocky Mountain system, in the Lake Superior region, and in the 
Appalachians. These authors have regarded the fact that as a whole 
the basement rocks show lamination as evidence that they were origi­ 
nally sedimentary. A few years ago it was assumed as a matter of 
course that distinct lamination in a rock, however faint, is evidence of 
sedimentation. The existence of lamination in the gueissoid granites, 
gneisses, and schists, and the fact that these rocks were believed to 
grade into the elastics, were taken as conclusive evidence of the origi­ 
nal sedimentary origin of the whole. These gradations, and also the 
fundamental differences between the Archean and the indisputably 
sedimentary rocks, have been explained by supposing that the first 
sedimentary deposits of the earliest ocean were different in character 
from any subsequent rock; that from these unique deposits' the more 
typical rocks of the Basement Complex have developed; and that the 
apparent transition between these rocks and the ordinary sediments 
marks the time when the conditions were changed from the exceptional 
ones of the early ocean to those in which ordinary sediments were 
formed, and in which life perhaps may have entered.

It is now everywhere recognized, as early shown by B. Bmmons and 
Lieber, that schistose structures are present in many eruptive rocks; 
it is also recognized that like structures which have no relation to the 
original lamination are produced in sedimentary rocks, as early noted 
by Tyson, E. Bmmons, Lieber, Blake, Adams, B. Hitchcock, Jackson, 
Jukes, and Rogers. B. Hitchcock, B. Emmons, and Lieber traced the 
actual gradations between schist-conglomerates and crystalline schists, 
while Mather traced the blue fossihferous limestones into completely 
crystalline, granular marbles. Laminated or schistose structure in 
ciystallme schists then bears neither for nor against a clastic origin..

The gradation of the finely laminated schists' and gneisses into 
the coarsely granitoid phases has been admirably described by Jukes, 
for the rocks of Newfoundland; by Lieber and B. Bmmons, for the 
rocks of the southern Appalachians; by Hitchcock, for the rocks of
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Massachusetts and Vermont; by Marvine and Stevenson, for the rocks of 
Colorado; by King. Hague, and S. F. Emmons, for the rocks of the West 
in the region of the fortieth parallel; aud by Lawson, for the rocks about 
Lake Superior. Most of these writers and many others, including Sel- 
wyn, approaching the problem from the side of the clastic rocks, have 
regarded the coarsely crystallized rocks as produced by metamorphism, 
although they have considered the more granular rocks as produced by 
the extreme process of metamorphism aqueo igneous fusion. Those 
who have maintained this origin for these rocks have recognized the fact 
that they have locally acted as eruptives, although in general the mate­ 
rial is thought not to have moved far. Marvine so clearly saw that 
the facts could be explained in two ways that he says that, while 
he regards the wbole as metamorphosed sedimentary rocks, another 
observer approaching the field from a different direction, where the 
evidences of intrusive nature are most manifest, would reach the con­ 
clusion that the whole is eruptive. Hitchcock and Stevenson and most 
of the others are in practically the same position.

The school of geologists that regards massive rocks as metamorphic 
without any intervening tune of fluidity, that regards granitic and 
gneissic layers iiiterlammated with the schists or slates as selectively 
metamorphosed, aud that regards fragments of slate, schist, and gneiss 
within massive rocks as residual unmetamorphosed material, while 
nearly gone, still has representatives. That the matrix of a fragmeutal 
rock could become slowly heated to such a temperature or be subject 
to such other conditions as are necessary in order that it should crystal­ 
lize as a coarsely granular granite, and not at the same time equally 
metamorphose the other layers and destroy the bowlders and pebbles 
which it contains, seems incredible. The explanation implies, not only 
that the fragments and the bands of slate, and schist have been able to 
resist the forces of change during the slow processes which have been 
sufficient to produce coarsely crystalline material adjacent, but that in 
situ they have continued to resist these forces during all the time 
required by the matrices to pass once more into ordinary conditions. 
The processes embodied in such " selective metamorphism" certainly 
need explanation.

(2) The Archean is igneous, but of later age than the pre-Cambrian 
elastics with which it is in contact. The facts presented by those who 
have described downward gradations from unmistakable elastics into a 
crystalline complex have not been interpreted as above by this school. 
It has declined to apply the term "metamorphism" to a product which 
has become fluent, and has insisted upon its essentially igneous char­ 
acter. Lawson is conspicuous as having recently put this side of the 
case strongly; but it is noteworthy that Wiuchell, belonging to the 
first school, and Lawson, to the second, have had essentially the same 
facts before them, both having done their work m the same region. 
Laws>ou further holds that the intrusive rocks have been produced by the
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subcrustal fusion of the overlying sedimentary rocks. The difference is 
largely one of definition and emphasis rather than of ideas. Both regard 
the granite-gneiss as material which has resulted from a change in the 
condition of original sediments and which has not moved far.

The theory that the Archean or a part of it is a liquefied floor of sed­ 
imentary rocks is open to the objection that it is an unverified hypoth­ 
esis. When once a sedimentary rock has become fluent, and is wholly 
Iree to crystallize anew, how shall the material be identified? To state 
that such material has not moved far is pure assumption. If the fusion 
theory is true, the average composition of the unfused part of the clas­ 
tic series and the subjacent material should agree. To obtain average 
analyses of rocks which vary widely in mineral character within short 
distances is not easy, but is a thing which must apparently be attempted 
if this theory is to be maintained, for I see no other way in which an 
attempt can be made to verify the hypothesis. This method has been 
applied for the first time by Adams. In the Original Laurentian dis­ 
trict he has compared the composition of the gneisses of the Grenville 
series with that of the Ottawa basal gneissoid granite. He finds the 
first to have the composition of a shale or grit, and the second that of a 
granite, and therefore concludes that the Ottawa gneiss can not have 
been produced by the metamorphism or fusion of the G-renville rocks.

Another class of geologists of the second school, noting the contact 
relations between the granitic rocks and the elastics, hold that the for­ 
mer, called by others Lower Laurentian or Archean, are ernptives of 
later age than the elastics with which they are in contact, without 
attempting to give any theory as to the source of the material. Herein 
are included Hawes, Hall, Mather, Foster, Whitney, Wadsworth, Bom- 
iiiger, Herrick, and others. Eominger distinctly recognized the gran­ 
ites and granite-gneisses of this kind on the south shore of Lake 
Superior as the subjacent rocks upon which the schists rest. Herrick 
saw the same relations with reference to his granitic and schistose 
groups on the north shore. In the last two cases the facts before the 
writeih are precisely the same as those of the geologists who advocate 
the subcrustal fusion theory; but, by giving no explanation of the 
source of the material for the granite-gneisses, they have escaped the 
difiiculty of the unverified assumption that these eruptives represent 
fused sediments. However, they fail to explain what has become of 
the floor upon which the elastics were deposited. Some floor they must 
have had. Where these eruptive contacts are found the floor has 
disappeared, and if so the eruptives, if extraneous, must be considered 
to have absorbed or cut across it.

The three positions that the granite-gneiss is selectively metamor 
phosed material, is due to subcrustal fusion, or is an extraneous intru­ 
sive may be considered to grade into one another. Those who insist 
on the first have selective metamorphism and contact phenomena to 
explain. Those who insist on subcrustal fusion may be called upon
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to identify their material. They can show the former fused condition 
only by contact phenomena, and contact phenomena are not evidence 
of progressive fusion, but only of intrusion. Those who regard the 
granite-gneiss as intrusive may be asked what has become of the floor 
upon which the elastics were deposited.

(3) The Archean is igneous, and represents part of the original crust 
of the earth, and is therefore older than any sedimentary series. This 
is apparently the conclusion of E. Emmous and Lteber. These careful 
observers not only maintained the igneous origin of the granite-gneiss 
of the southern Appalachians, but traced the gradations between 
basic schistose rocks and massive eruptives, including hornblende- 
schist and unmistakable dikes, and drew the correct conclusion, lately 
regarded as a discovery, that such rocks are sometimes metamorphosed 
eruptives. While the maior portion of the granite-gneiss and asso­ 
ciated rocks was considered older than the oldest elastics, later mtru- 
sives of a similar character were recognized. This theory that the 
Basement Complex is igneous is held by Geikie as to the major part 
of the Archean of Great Britain. Geikie says of the true Archean of 
Great Britain that with certain possible exceptions it not only contains 
no material which gives any evidence of ever having been sedimentary 
material of any kind, but it further contains no material which can be 
considered a surface volcanic, while in it there are many rocks which 
are certainly plutonic eruptives. Many German geologists hold the 
Archean of Germany to be igneous. Among these Lehmann and Both 
have been conspicuous. Indeed, these last two have maintained the 
igneous origin of all the pre-Cambrian rocks.

The geologists of this third school, with the second school, recognize 
the igneous character of the granite-gneisses having irruptive contacts 
with the clastic series, but they decline to recognize these rocks as 
Archean. Such rocks are eruptives. Their age is to be designated 
precisely as are eruptive rocks which cut Cambrian, Silurian, or Devo­ 
nian strata.

As bearing in favor of the really igneous character of the Archeau is 
the fact that no case has been demonstrated, except possibly that of the 
marbles and some quartz rocks, of the production of a perfectly massive 
crystalline rock from a clastic without intervening fluidity. Metamor- 
phism, whether the original rock is a massive eruptive or a stratified 
sedimentary, produces a laminated or schistose rock. If a granitic 
structure can be taken as evidence of a,u eruptive origin and we know 
many eruptive rocks do have such a texture a very strong case can be 
made for the eruptive origin of the larger part of the" fundamental com­ 
plex. The line of argument is precisely analogous to that by which the 
whole has been held to be sedimentary. There are complete gradations 
from the most thoroughly schistose and laminated phases to the most 
massive phase. Also bearing in favor of a truly igneous character for the 
Basement Complex is the fact that the rocks referred in the nrst part of



752 PRINCIPLES OF NORTH AMERICAN PRE-CAMBKIAN GEOLOGY.

this section to the Archean are more closely simulated by igneous rocks 
which have irruptive contacts with ancient elastics than by any recog­ 
nizable metamorphosed sedimentaries. In this connection may be men­ 
tioned the occurrences in the Appalachians and in British Columbia of 
relations between granitic rocks and strata as late as the Carboniferous 
or Triassic analogous to those which often prevail between the granite 
and granite-gneiss and the pre-Cambruin crystalline schists. Here the 
one class of rock is known to be sedimentary, the other intrusive.

It maybe said that the actual gradations between the Algoukian and 
Archean 111 certain places are evidence that the latter are not igneous 
rocks earlier than the former; that gradations can be explained between 
subsequent intiusives and elastics, but not between igneous rocks and 
sedimentaries of later age. ' It has, however, been shown that as a con­ 
sequence of profound dynamic action two unconformable series, the one 
of which is composed of material from the other, and therefore resem­ 
bles it in composition, may have had developed within them conforma­ 
ble secondary stiuctuies and gradations, the original structures of the 
clastic series being simultaneously obliterated. Also, Pumpelly has 
recently ascertained that subaerial disintegration of the earlier series 
is an important adjunct in the piodnction of such gradations. It has 
been demonstrated that in certain areas perfect conformity and complete 
gradation exist between series separated originally by wide unconform­ 
ities, the earlier of which was probably of igneous origin, while the later 
was certainly sedimentary.

(4) The Archean is igneous, and represents a part of the original 
crust of the earth or its downward crystallization. However, the Arch­ 
ean having been subjected to repeated dynamic movements, and conse­ 
quently to profound rnetainorphism, and having been intruded by vast 
and in many places predominant quantities of intrusive material, is 
now far more complex in character and structure than originally. This 
fourth view is offered as a more probable approximation to the truth 
than any of the preceding. It may be possible that everywhere, ero­ 
sion has cut off the outer part of the first solidified crust of the earth, 
but if so it seems certain that the downward crystallization of this first 
crust has taken its place, for we can not suppose that erosion has any­ 
where caught up with inward crystallization. Lava flows arc not an 
exception, for these always come up through crystallized material.

If the theory be true, it follows that the rocks formed by downward 
crystallization may really be later in age than many sediments, for 
rocks now at the suiface may have crystallized in post-Archean time, 
when sedimentary rocks were being deposited in the early seas. How­ 
ever, these rocks,bythe hypothesis of their origin, can never be assigned 
to any definite period of sedimentation, and they may well be consid­ 
ered as Archean. These rocks are certainly a class by themselves, 
which, if not placed here, can not be referred to any of the geological 
periods. Further, sedimentation must have begun in the earliest seas
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while upon parts, of possible continental areas volcanic materials alone 
were still accumulating. These latter, lu accoidance with the defini­ 
tion, would belong to the Archean. There would be in this case no pos­ 
itive equating of one with the other. When, later, upon these Archeau 
rocks, contemporaneous with the earlier sedimentary rocks, elastics 
began to form, this would be for this region the opening of the Algonkian. 
However, it is not impossible that all such supposed contemporaneous 
Archean and Algonkian formations may have been destroyed by ero 
sion. Certainly this would have been the case with a large portion of 
them, and it follows that this difficulty may be theoretical rather than 
practical.

Accepting for the moment the above hypothesis, how far does it 
explain the phenomena of the Basement Complex?

a. The gneissoid granite of the Arehean is very similar to gneissoid 
granites which are certainly eruptives of later ages, and is therefore 
precisely similar to well-known metauioiphoscd igneous rocks.

b. The dark-colored hornblende gneisses, mica-gneisses, and chlonte- 
schists are lithologically like those which are known to have been 
produced in many places from altered ernptives.

c. In many areas it is possible to trace the gneissoid granites into 
massive granites, and the hornblende-schists, mica-schists, chlonte- 
sehists, hornblende-gneisses, mica-gneisses, chlonte-gneisses, and other 
schists and gneisses into massive rocks with typical igneous-, structures. 
If these stiuctuies are evidence of igneous origin, it is plain that the 
schistose rocks which can thus be traced into massive forms are igneous. 
However, a far larger body of the schistose rocks can not be thus tiaced 
back to a massive condition, and they can only be inferred to be of igne­ 
ous origin because of their likeness to similai rocks which are igneous.

d. That a great hiatus so frequently, if not al\\avs, separates the 
sedimentary rocks from the Archean strongly supports the hypothesis, 
for if the first outer crust has been removed by erosion, and the back­ 
ground of the Archean represents the downward crystallization of the 
crust of the earth, the structural relations which obtain between these 
rocks and the lowest sedimentary rocks would be those of unconformity. 
This coincidence of the requirements of the theory with the facts in the 
tietd is very significant. The explanation of the apparent gradation 
between the Archean and the overlying seduueutaiy rocks is the same 
as in the third theory, (See p. 752.)

e. The complete absence of sedimentary rocks or of any ot the typical 
kinds of rocks which are produced only by the inetamorphism of sedi­ 
mentary rooks is fully explained by the theory.

If the theory be accepted, it is recognized, as in the case of the 
thud theory, that the amounts and kinds of later igneous locks are 
vast in quantity and great m variety; also that many of the earlier 
igneons rocks have been so profoundly metamorphosed that it is ex­ 
ceedingly difficult, if not impossible, to determine what part of the, 
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Archeaii represents the inward crystallization and what part later 
mtrusives. If a coiijectuie may be hazarded upon this point, it is 
thought to be probable that the banded gneisses, which sue the pre­ 
dominant rocks over such vast areas of the Archeau, and which 
have been known in general as the fundamental gneiss, represent this 
supposed inward ciystalbzation. In making this statement it is iccog- 
uized that the fundamental gneiss is not so homogeneous as might be 
understood from the earlier descriptions, and that in almost every area 
of it there are many varieties of rocks; and yet so striking and uniform 
is the character of the predominant rock, that it has "been almost uni­ 
versally denominated the fundamental gneiss. These gneisses are cer­ 
tainly the oldest locks now present in the Archean, so far as we have 
any evidence, for they aie cut through by the later ernptives. Tn 
certain areas it has been asceitamed that several varieties of ernp­ 
tives exist, each succeeding eruptive cutting the fundamental gneiss and 
the preceding eruptives. Thus, in the Marquette district of the Lake 
Superior region Wadsworth reports that dikes of hornblende-gneiss 
or hornblende-schist cut the couutiy gneiss of the region. These dikes 
are cut by another poiphyritie dike, while both are cut by gray granite, 
and this in turn is cut by red granite. In some districts the mtrusives 
are all of Archeaii age; in others they are partly Archean and partly 
post-Archean.

The question arises whether there are any surface volcanics belonging 
with the true Aicheau. It is certain that in some regions, as yet unsepa- 
rated from the Easement Complex, are large areas of volcanics, includ­ 
ing lavas, curious brecciated lavas, volcanic frag mentals, and probably 
intermingled lavas and volcanic fragmentals. Whether these volcanic 
rocks belong to the Basement Complex or can be separated from it on a 
structural basis is yet undetermined. In the Lake Superior region, 
where they are most extensively known, they are unconformably below 
the oldest sednnentaries, but there may still be a vast lapse of time 
between them and the time of the fundamental gneiss. Provisionally, 
however, we consider them as a part ol the Basement Complex or 
Archeau. In some districts the volcanic rocks are fouud to grade into 
dark-colored schists which no longer show evidence of their surface 
origin. Similar dark-colored schists constitute one of the divisions of 
the Archean. If these are derived from surface volcanics this might 
explain the difference between the prevalent light-colored, uniform, fun­ 
damental gneiss and the dark-colored, schistose division of the Archean. 
It is certain that in many regions the dark-colored schists are very 
old, since they have been cut by many succeeding eruptions, and bear 
evidence of repeated dynamic actions.

From the foregoing it is plain that, whatever the origin of the Base­ 
ment Complex, the parts of any given area of it may not be of the same 
age. Of necessity, all subsequent eruptives have passed through the 
earlier rocks. The dikes which everywhere cut them are pipes through
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which later eruptives have passed. Large lakes of liquid material have 
formed within the Archeaii, which crystallized as bosses, causing ifc to 
contain considerable masses of chaiactcristic igneous rocks. Where 
these i ocks are predominant the materials must be mapped as eruptives 
later than the gneisses cut, but they maybe Archean or post-Arehean. 
Where the intrusives are subordinate to the Archeaii material they 
are often difficult to separate fiom it. Between the areas which rank 
as eruptives of post-Archeaii age and the genuine Arehean there are 
doubtless gradations. Along the zone of contact, if the mass of later 
eruptive be gieat, there may be an area which can be placed equally 
well with the Basement Complex or with the later eruptives. Further, 
perhaps at various tunes and places parts of the Arehean have become 
practically fluid, and from this condition the material has again crys­ 
tallized iu the forms characteristic of eroptives. The crystallized parts 
would then show intrusive or transition relations with theunfused por­ 
tions. In the cases both of extraneous intrusives and fused Archeaii 
material there might therefore be gradations, as there are between the 
Arehean and undoubted sedimentary rocks.

Therefore the problem of the relations of the Archean, as a whole, to 
the overlying elastics is somewhat the same as that between parts of 
the Arehean, since the finely laminated Archeaii crystalline schists and 
gneisses and the later intrusive granite-gneisses and granites with 
which they are associated have contacts in every respect analogous to 
those occasionally found between the Archeaii complex and the clastic 
seiies. Foi example, it will be seen that rocks heretofore called Arehean 
on the north shore of Lake Huron comprise two parts. One part is 
older and lies unconfoiniably below, yielding fragments to the Origi­ 
nal Huronian. The other part has intrusive relations with the elastics 
and the Archean, with tiansitioii phenomena in both places. If this 
material is an extraneous intrusive, it is a post Archeau eruptive; if 
in hitu it repiesents a portion of the pre-Huroman floor completely 
metamorphosed by selective nietamorphism or by aqueo-igneous fusion, 
it can fairly, according to the first and second schools, be called a part 
of the Archean.

From the great diversity of opinion as to the origin of the Archean 
rooks, and from the fact that many of the opinions are beliefs rather 
than verified conclusions, it is plain that we have no definite knowledge 
upon parts of the subject. That there are comparatively few or no 
wholly massive rooks in the Basement Complex is precisely what would 
be expected under any theory. Its history is too long. Whether origi­ 
nally igneous or aqueous, it could not be hoped that there would be 
found the characteristic lithological forms of igneous or aqueous agen­ 
cies. Many or all of these rocks were subjected not only to the move­ 
ments which have taken place since Paleozoic time, but to the 
movements which occuried in the far greater length of previous 
time, if not too deeply buried to be beyond the influence of the outer
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foldings, in which case they were buried beyond the crushing strength 
of rock, were latently plastic, and were probably at a high tempera- 
tuie. If originally massive and igneous m the ordinary sense, dynamic 
action has obliterated the regularity of the arrangement of the con­ 
stituent particles and has given them a more or less laminated or schis­ 
tose structure. If sedimentary, all trace of that original sedimentary 
structure has been obliterated by the lepeated foldings, contortions, 
and perhaps high degree of heat to which they have at various times 
been subjected.

DELIMITATIONS OF THE ARCHEAN.

It is generally accepted that the Archeau has no limit downward. 
It is the oldest system, and surely includes, if such rocks exist, all of 
the original crust of the earth. But as denudation progresses material 
far within the earth approaches the surface, not by intrusion, but by 
gradually rising as a whole. Before reaching the surface the material 
has become crystallized. This original crystallization may have taken 
place in or even later than Algonkian time. Hence, if these rocks are 
to be considered as belonging to the age lu which they were crystal­ 
lised, the Archean grades below into the Algonkian, even as it is 
believed m places to grade above into the Algonkiau. The truth of 
this position is not lessened by the fact, if fact it be, that the earth as a 
whole when subjected to sudden stress acts as a rigid body Even if 
true, it is equally certain that the crust of the earth under continued 
stress of considerable amount adapts itself to it, thus showing real 
plasticity. But it can not be assumed that the rock material deep 
within the earth, under pressure far beyond the crushing strength of 
any known material, and at a high temperature, exists as crystallized 
minerals, although this may be the case. We only know that it has 
these forms when the material, rising by erosion, uears the surface.

The upper limit of the Areheau is not easy to define, and the task is 
rendered more difficult because geologists are not agreed upon the 
origin of the Archean. As has been seen, if either the sedimentary or 
the subcrustal fusion theory of its origin be accepted, gradations 
would be found between the Archeau and elastics of Algonkian or 
post-Algonkiau ages. Upon either of these theories, if sedimentary 
rocks are only buried deep enough, or folded severely enough, they 
will pass into crystallines by progressive metamorphism or by sub­ 
crustal fusion, just as do rocks of Cambrian and post-Cambrian ages. 
This the elder Hlteheock so clearly saw that he distinctly said that the 
so-called Laurentian granites and gneisses of Vermont are probably, 
in part at least, not older than the fossil iferous series.

If the Archeau be made to cover all the crystallines below the pre- 
Cambnan elastics, it includes rocks the age of which varies from 
Algonkian to pre-Algoukian. This anomaly is perhaps best met by 
making a more or less arbitrary division between Archeau and post-
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Arcliean crystallines. The natural theoretical plane to choose is that 
marking the beginning of life; that is, to luclude in the Archeaii all 
truly Azoic rocks. While this suggestion has a plausible sound, we 
must believe that the dawn of life was very gradual and that its traces 
in its early stages are exceedingly sparse, so that there would be great 
if not insuperable difficulties in its practical application.

If the theory that the Archean includes only presednnentary rocks 
be accepted, its upward limit is easy to define; the Algonkiau begins 
for each region at the tune of the deposition of the first sedimentanes. 
But there are those who deny the existence at the present time of any 
such ancient rocks, although they concede their existence at one time, 
and they believe that the Archeaii as thus defined represents a vast 
lapse of time in the history of the earth. This denial of the present 
existence of any rocks of greater age than the oldest sedimentaries is 
of course a pure unverified assumption, defended on the ground of 
probability. If the original crust of the earth be defined as including 
more than the first outer skin, it is a question whether the converse 
proposition is not equally probable. Even if the position be true, the 
school that believes in the igneous origin of the Archean would still 
have a large mass of rocks for the Arcliean by including in it all the 
material which in the slow process of inward crystallization has now 
reached the surface of the earth, not by intrusion in the rocks above, 
but by erosion. This position would, however, be, controverted by 
those who regard such rocks as plutonie and belonging to the age of 
their equivalent sedimentanes. But, as already shown, in the nature 
of the case it is not possible to designate the particular age to which 
these rocks belong. That there exists upon the surface of the earth 
a part of the original crust, or its downward continuation by later 
cooling, can hardly be doubted; and since these rocks can never be 
assigned to any definite period of sedimentation nor separated from 
other Archean rocks, they must be deemed Archean. They are a 
class by themselves which, if not placed here, can not be referred to 
any of the geological peiiods. Further, this class of rocks where m 
contact with detritals, of whatever age, by the very hypothesis of then- 
origin must rest unconformably below them.

But the difficulties in the theoretical delimitation of the top of the 
Archeau are so great that I confine myself to a statement of some 
possible solutions rather than commit myself to any theory, although 
I now incline toward the one last given. Although the obstacles are 
not nearly so great in delimiting the later periods, the difficulties of 
making an exact definition for the Silurian, Devonian, or Carboniferous 
periods are so considerable that almost any of those given in text-books 
have been found to disagree with the facts of some localities. If this 
be true of the later periods, of which so much more is known, it should 
not be surprising that the obstacles to an accurate delimitation of the 
Archeau are at present apparently insuperable.
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But while it is impossible to make a wholly satisfactory theoretical 
definition of the Archeau, it is frequently easy in the field to say with 
a great degree of probability what rocks are Archean and what are post- 
Archeau. For instance, in the Arizona legion, as has been seen, above 
the typical Archean complex there is the most profound unconformity, 
above which the rocks are readily recognized elastics. From my point 
of view the same thing is true for a large part of the Lake Superior 
region. In the Umta and Wasatch mountains, again, below the quartz- 
ites of probable Algonkian age is a great unconformity, and then appears 
the implicated Archean. In certain other regions the separation of the 
Algonkiau and Archean is a matter of exceeding difficulty. As repre­ 
sentative of this class of cases may be taken the Front range of Colo­ 
rado, along the east side of which are unmistakable elastics, with an 
appaient gradation between them and the crystalline complex. In the 
Appalachians again, where in large part the oldest clastic rocks recog­ 
nizable are Cambrian, it can not be said what part of the complex below 
is Algonkiau <md what part is Archeau. In this region the separation 
of the Cambrian from the pre-Cambiian can be accomplished only by 
minute and laborious study. In places the two appear to be in con­ 
formity and to grade into each other. It is only recently that this 
gradation in the Green Mountains has been shown by Pumpelly to be 
consistent with a great unconformity between the two. The causes 
producing this gradation between the Cambrian and pre-Cambrian in 
Massachusetts (post-Cambrian dynamic action and pre-Cambrian disin­ 
tegration) may also be found to explain the conformities and gradations 
between the Algoukiau and Archean.

While, then, it is not easy to define the Archean, it is plain that the 
discrimination in the field between the Archean and the Algonkiau is a 
practicable one, and should continue to be applied eveu if its exact theo­ 
retical meaning can not be said to be certainly kuown. It has been the 
custom in the past to refer tQ the Archeau practically all crystalline 
rocks, with many semicrystalline rocks which seem to be very old, or the 
age of which is not determined. Under this practice vast are*as in the 
Appalachians have been referred to the Archean which are now being 
placed in the Paleozoic. Doubtless in the same way many other areas 
which have been classified as Archean will, upon closer study, be 
removed from it and the rocks be distributed from the Algonkian 
upward. At this point a reform in geology is needed. If, for instance, 
the oldest rocks of clearly recognizable age are Triassic, and these 
Triassic rocks rest upon a complex the structural relations of which are 
not studied in detail, this complex should be denominated pre-Triassic 
rather than Archean. A large part of the difficulty iu understanding 
from the literature the actual facts as to the occurrences and relations 
of the crystalline schists has arisen from this practice of using the 
Archean as the dumping-ground for everything of unknown age.
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STRATIGRAPHY OF THE ARCHEAN

After characterizing the Archean the methods applicable to its sub­ 
division are easily deduced. If no pait of it is demoustrably sedi­ 
mentary, structural methods cannot apply; its subdivisions must be 
made upon purely lithological grounds. If a part of it is demoustrably 
eruptive the relative ayes of the^e parts may often be ascertained, and 
all are necessarily newer than the part not recognized as eruptive, else 
these could not be shown to have this origin. Many attempts to apply 
stratigraphical methods to parts of the Arcliean have been made, but 
they have not thus far been successful. Such attempts Lave been 
based upon the belief that foliation represents sedimentation, but even 
where mapping has been done upon this eironeous basis it has been 
stated that the structures are so complicated that little progress has 
been made.

So complex is the character of the Archean and so rapidly does it 
change its character, that the lithological mapping of it is a labor of 
great difficulty, and it can be accomplished only with exceeding slow­ 
ness even where the exposures are numerous and excellent large-scale 
topographic maps are available. Without almost continuous exposure 
and good base maps the representation of the areal distribution of the 
different rocks of the Archean is a hopeless task.

SECTION II. 

THE AJLGONKIAX.

NECESSITY FOR A GROUP BETWEEN THE ARCHEAN AND
THE CAMBRIAN

It is widely agreed that the rocks containing the Olenellus fauna 
shall be taken as the base of the Cambrian. This fauna is abundant 
and varied. It includes all the sterns of the animal kingdom except 
the vertebrates. Some biologists say that nine-tenths of the differen­ 
tiation had taken place at the beginning of Cambrian time. This 
implies a prior life of vast duration.

The progress of paleontological knowledge has of late been forma 
tionally downward. Before there was a recognized Cambrian there 
was a well-known Silurian, and it is probable that when all parts of 
the world become geologically known other faunas will be discovered 
below the Cambrian as distinctive in character as the Cambiiau is from 
the Silurian. If this be done, definite information will be available to 
correlate rock series of different parts of the world in the time-place 
between the Cambiian and the Archean.

If the conditions of the globe were such that life existed in pre-Cam- 
brian time, they also were such that stratified rocks could be deposited 
not unlike those of later times, so that the only question which arises
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in this connection is "whether any of these stratified rocks now remain 
in such a condition as to be, recognizable. The study of recent years' 
shows that such intervening clastic series do exist below the Olencllus 
fauna in many regions of North America, and in some cases the volumes 
of rock and great intervening erosions represent a lapse of tune which 
may possibly be compared with all subsequent time. If geological his­ 
tory were to be divided into three approximately equal divisions, these 
divisions would not improbably be the time of the Archeau, the time of 
the clastic series between the Archean and the Cambrian, and the time 
of Cambrian and post-Cambrian. In this connection it is well to recall 
that many years ago Logan suggested that the thickness of the 
Laurentian and Huroiiiau may surpass that of nil succeeding forma­ 
tions, and that the appearance of the so-called Primordial fauna may 
be considered as a comparatively modern event.

It is imperative that some term shall be available to cover the great 
mass of rocks between the Cambrian and the Archeau. Trviug was the 
first to realize and urge the necessity for such a term, and proposed for 
it Agnotozoic. 1 This term implies the existence of life in this system, 
and the evidence upon this point is conclusive. Life is indicated by 
the piesence of thick beds of graphitic limestones, beds of iron car­ 
bonate, and great thicknesses of carbonaceous shales, which arc rep­ 
resented by graphitic schists in the more metamorphosed phases of 
the rocks. It has been urged by Whituey, Wadsworth, and others 
that the limestone and graphitic schists may have had an origin other 
than organic,. Whitney and Wadsworth have gone so far as to say that 
there is no valid evidence of life in any pre-Potsdani rocks. This was, 
however, before it was generally recognized that the Potsdam is Upper 
Cambrian and that an abundant Cambrian life extends far below. If 
it be true that these limestones and iron-ore beds are no evidence of 
life (and it may be admitted that another origin is possible without 
implying that it is probable), it would hardly be maintained that the 
hydrocarbons which occur so abundantly in the little metamorphosed 
shales of the Huronian about Lake Superior are other than of organic 
origin, and if so, the giaphitic schists which stand in the same great 
system in the geological column were originally in all probability hydro- 
carbonaceous shales. However, we are not obliged to depend upon the 
the presence of these varieties of rocks as the only evidence of life. 
Whether the Uozoon canadenfie found in the original Laureutian of 
Canada is of organic origin will not be discussed here. It may be true 
that many of the specimens which have been called Eozoou are results 
of the forces of crystallization; but, admitting this, it does not follow 
that all of the material called Eozoon is of this character. Passing by 
this question, the pre-Cambiian fossils described by Walcott 2 from the

1 Classification of Earh Cauilirmn and pie Cambrian formations II 1> Irvmtr, Seventh Ann Kept 
D S Geol SUIT , loi 1S8J-S, p]> 45J-454

2 AIgoukianHocksol the Grand Cam on of the Colui ado, O D Walcott, Jouiu of Gcol , Yol 111,18%, 
p d27
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Grand Canyon of the Colorado include: "A minute discinoicl or patel- 
loid shell, a small Lingula-like shell (which may be a species of Hyo- 
lithes), and a fragment of what appears to be the pleura! lobe of a 
segment of a trilobite belonging to a genus allied to the genus Olenellus, 
Olenoides, or Paradox!des. There is also a Stromatopora-like form that 
is probably organic."

A lingula-like shell has been found by Winchell in the pipestones 
of Minnesota. .Selwyn has described tracks of organic origin in the 
Animikie (Upper Huroniau) series of Lake Superior. Murray, Howley, 
and Waleotfc found several low types of fossils in the pre-Oleuellus 
elastics of Newfoundland.

That these fossils are of organic origin can not be doubted. But 
while many will admit the clastic character of the great groups of 
rocks considered, and the organic origin of the forms mentioned, as well 
as the carbon of the carbonaceous shales and schists, they will say that 
these are merely evidences that the rocks in which they lie are Cam­ 
brian. The reply to this is, that it is a question of nomenclature. If 
it be premised that all clastic and fossiliferous rocks more ancient than 
the Olenellus horizon are Cambrian, it is useless to try to prove that 
there are pre-Cambrian clastic rocks which bear life. It is, however, 
necessary to recognize that the carrying downward of the term Cam­ 
brian to cover not only the great thicknesses of rocks which are now 
included in it, but all pre-Cambrian elastics, will probably make the 
Cambrian as great as or greater than all the subsequent periods put 
together. That this is inadvisable is plain, and the clastic rock masses 
below the Olenellus fauna are so enormous that the proposal to intro­ 
duce a general term like Aguotozoie as the equivalent of Paleozoic, 
Mesozoie, and Cenozoic, to cover this great group, is a conservative one. 
Irving foresaw that the term would be objected to, because sooner or 
later the life will become to a greater or less degree known, and he 
suggested as an alternative for Agnotozoic, Eparchean, in contradis­ 
tinction to Archean, which was reserved by him to cover the Basement 
Complex. As the character of the life of this group is already begin­ 
ning to be known, it seems to me that the term Proterozoic, considered 
for the place by Irving, 1 but rejected, is preferable to either Aguotozoie 
or Eparehean.

In a conference of the members of the United States Geological 
Survey, called by the Director at Washington, * these terms were dis­ 
cussed with reference to atlas-sheet mapping, although there was no 
question on the part of anyone as to the necessity for some such term. 
Recognizing the impracticability of the certain correlation with one 
another of the one or more pre-Cambrian elastic series which occur in 
the various regions, and recognizing the fact that for use in mapping a 
uniform plan must be adopted, some one suggested that a term of the

1 Classification of early Cambrian and pre-Cambrian 1'ormations, li. T). Irviug, Seventh Ann. Kept 
U. S. Geol. Surv., for 1885 86, ]>. 454.

2 Tenth. Ann. Kept. U. S. Geol. Surv., for 1888-89, Keport of the Director, p. 66.
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same class as Cambrian, Silurian, and Devonian should be selected for 
rocks here included, and to occupy tins place the term Algonkian was 
proposed and accepted. The proposed general scheme of classification 
for the lower part of the geological column is as follows

f Carboniferous
Paleozoic......... .... ........ ... .. ...jDevomau.| Silurian 

[Camlmau 
Proterozoic . .... .... .... ................ Algonkian
ArcLean .... .... .... .... ........ ..... Archean

The introduction of the term Algonkian has been objected to on the 
ground that it will supersede the older term Hnronian. Tn answer to 
this it may be said that Huroman has not been generally used as 
Algonkian is defined, and the latter therefore does not supersede the 
former term. Huroman will be retained for certain of the clastic series 
of Lake Superior and Canada, as well as for rocks in an equivalent po­ 
sition in other parts of North America arid Europe, if such equivalence 
can be determined, just as before Algonkian was introduced. The 
Huroman will stand as one of the great series of rocks which together 
make up the Algonkian.

DELIMITATIONS OF THE ALGONKIAN

The further back we go in the history of the world foi any given 
region the more frequent have been the changes through which a rock 
stratum has passed, and therefore theie is increasing difficulty in 
determining- bounding planes with sharpness, although in different 
regions rocks of the same degree of metamorphism may differ vastly m 
age. The truth of this is well illustrated by comparing the eastern 
and western regions of the United States. In the former powerful 
movements have occurred until late in Paleozoic time, as a result of 
which the Cambrian, Silurian, and Devonian rocks over large areas 
have not been separated ftom the pre-Cambrian. In certain areas this 
separation has been accomplished, but only by the most accurate and 
painstaking application of modern methods. In parts of Massachu­ 
setts and Vermout the areas covered and the results reached have 
involved an enormous amount of labor, although of late paleontology 
has been an important help in unraveling the problem. Under these 
circumstances how niueh more difficult should one expect it to be to 
separate the pre Cambrian clastic series from the Arehean.

In parts of the West, where no close folding has occurred sinee Cam­ 
brian time, it is easy to separate the Cambrian from the pre-Cambrian, 
and 111 regions in which metamorphosing influences have not been at 
work for a still longer time it is easy to separate the pre-Cambrian 
elastics from the Arehean But in other regions this separation, is 
made with the greatest difficulty, and doubtless over large areas it 
will never be satisfactorily done. Just as in parts of the Appala­ 
chians it may be impracticable to separate the Cambrian rocks from
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the pre Cambrian clastic series, so it will be for a long time impos 
sible to decide in some regions upon sharp boundary hues between the 
pre-Cambrian elastics and the Archean. Giving full foice to tins posi­ 
tion, it is no reason why the discrimination should not be made where 
it can be.

Recent work m petrography has demonstrated that dynamic action 
and environment, not time, are the important elements in the oblitera­ 
tion of clastic characteristics. Book movements also destroy the evi­ 
dences of discordances between series where there have been real 
unconformities. This destruction of the evidence of structural breaks 
comes about largely as the result of aii approaching parallelism of bed­ 
ding caused by the close folding, but far more important than this is 
the production of common secondary structures, with the simultane­ 
ous development of crystalline schists from the newer series. As a 
consequence, basal conglomerates are in some places almost the only 
means of discriminating between the newer and older series, and if the 
metamorphosing influences were strong enough to destroy the pebbled 
character of such beds, changing them into schists or gneisses, as has 
occurred in many places in the Cambrian of the Appalachians, this 
means of detecting a break between series is also lost. The problem 
is rendered stdl more difficult because of the fact that 111 many districts 
where there are real iinconfoimities there was originally no basal con­ 
glomerate. At many localities in the far West the basement fossilifer- 
ous series arc built up of the constituent minerals of the underlying 
rocks rather than of large fragments of them, and even where not folded 
have in some places so closely simulated the original rocks that geolo­ 
gists have been at a loss to determine at what plane the elastics begin. 
If it has proved difficult to separate the unfolded elastics from underly­ 
ing crystallines, how much more difficult must it of necessity be to 
separate series that have togethei been subjected to intense and perhaps 
repeated dynamic action.

The Algonkian has been defined as including all recognizable pre- 
Cambrian elastics and their equivalent crystallines. In the consider­ 
ation of the character, origin, and delimitation of the Archean the 
lower limit of the Algonkian has been given. Its basal plane is the 
lowest of the recognizable clastic rocks. It has been seen that there 
are great differences in ease of recognition of the basal Algonkian 
plane in different regions. In the Uintali Mountains, in the Grand Can­ 
yon of Arizona, in portions of the Lake Superior region, in the Origi­ 
nal Huronian region, and elsewhere between the Algonkian and the 
Archean there are great unconformities, above which are the readily 
recognizable clastic rocks, and below which are the thoroughly crystal­ 
line basal complexes. Even in many regions in which there has been 
repeated folding since Archeau time, and in regions obscured by 
eruptive activity, it is perfectly clear that a large part of the rocks are 
clastic and belong with the Algonkian, while other parts have all the
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characteristics of the Basement Complex. Occupying an intermediate 
position, occasionally areas of rock are found which can not certainly 
be placed with the Algonkian or the Archean, but this difficulty is not 
peculiar to these periods. In folded districts the same difficulty is 
occasionally found in separating the Cambrian and Silurian, and in 
Canada great areas of unaltered flut-lyiug rocks have been mapped sis 
Cambro-Silunan because of the difficulty of separating them, into Cam­ 
brian and Silurian.

Many of the members of the Canadian Geological Survey have 
described the Llurouian and the Laurentian as conformable, with grada­ 
tions between the two. This apparent accordance and gradation is m 
many cases due to the fact that placed with the Huronian are many 
rocks which would under the usage of the terms here proposed be 
regarded as Archean. In other cases there are apparent conformities 
and gradations between undoubted elastics and the underlying rocks 
having all the characteristics of the fundamental complex. The signili- 
cance of the.se gradations lias been already discussed (see pp. 730-732). 
Tt was seen that they are not inconsistent with genuine structural 
breaks.

It has been stated that the base of the Cambrian is placed by 
many at the Olenellns fauna. The widespread uniform character of 
this fauna, both in Europe and in America, makes it particularly easy 
of identification, and therefore valuable for purposes of discrimination. 
Evidently all the reasons for placing this fauna at the base of the Cam­ 
brian apply as well for placing the horizon below this as uppermost 
Algonkian.

In the Lake Superior region and in many other localities, above the 
Algonkian are unconformities, the first of the Cambrian being middle 
or upper. "In other regions, as in ^Newfoundland, the upper Algonkian 
is marked by an unconformity, and the formation immediately above 
bears the Olenelhis fauna. This is the most favorable and clear case. 
In the Wasatch and several other ranges of Utah and Nevada, in Brit­ 
ish Columbia, and probably in the southern Appalachians, below the 
Olenellus fossiliferous Cambrian are conformable series of gieat thick­ 
nesses. Are these lowest Cambrian or uppermost Algonkian? May 
not the Olenellus fauna be found in the future to extend downward for 
a long way through a gieater or less thickness of these apparently 
barren rocks* If in any region the fauna be found to extend down­ 
ward for a long way, it is probable that species and genera character­ 
istic of the Olenelhis horizon as now known will drop out and others 
will appear which are different. The Olenellus would thus grade into 
a pre-Olencllus fauna. Such a gradation will doubtless somewhere be 
found, while in other regions the change from an Olenelhis fauna to 
one ot a pre Olenellus type may occur abruptly. In either case, there 
will finally appear a fauna which is not the present known Olenellus 
fauna, but which is as different from it as is the Cambrian from the
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Silurian (Ordovician). As the term is here used, such a fauna is prc- 
Catnbrian, ami rocks containing it are Algonkiau. In the following 
paragraphs great barren inferior series confoiniably below the known 
Cambrian are placed with the Algonkian on the ground of probability. 
The presence of an abundant Lower Cambrian life at a certain horizon 
within the conformable succession, with apparently complete absence 
ot life in immense thicknesses of rocks conformably below, which, so 
far as lithological chaiacter is concerned, are equally likely to bear fos­ 
sils, throws the Aveight of evidence in favor of the Algonkiau age of 
these locks. It is, however, more than probable that some part of the 
conformable downward extensions of the Cambrian, which are here 
provisionally referred to the Algonkian, will m the future be found to 
belong with the post-Algouluaii.

The newest Pioterozoic or Algonkiau rocks of different regions may 
stand in different positions, just as the superior locks of the Paleozoic 
may in any given legion be Cambrian, Silurian, Devonian, or Carbon­ 
iferous.

In the application of the term Algoukian to rocks in the field in 
difficult cases, it should bo used only where there is a high degree of 
probability that the series concerned are really pre Cambrian and post- 
Archean. Hocks of sedimentary ongm m a crystalline or semicrystal- 
line condition, which chance to be devoid of fossils and which have 
no deternnnable relations with the fossiliferons series, should not be 
called Algonkian without some strong evidence of pre-Canibriau age. 
Sedimentary rocks of uncertain age below a determined fossiliferons 
series should be denominated only as older than this series. For 
instance, if the fossihferous formation is Cretaceous, they should be 
called pre-Cretaceous. If the above be true of sedimentary rocks, it is 
still more applicable to the surface volcanic rocks^ the age of which 
can be determined only by structural relations and which vary in age 
from Arch can to Recent

In some regions the pre-Cambrian rocks are predominantly tine 
grained crystalline schists, gneisses, and gneissoid granites in certain 
areas, but m other areas there may be limestones, slates, quartzites, 
and other associated formations which are presumptively Algonkiau. 
Unless a structural break between the two is discovered there is a 
great temptation in this case to apply the term Algonkian to the 
whole region; but when it is remembered that original uuconfoiinities 
between the Archeau and the Algonkian may be obliterated, it becomes 
evident that the only safe piooedure is to apply the term Algonkian to 
the rocks which certainly belong to this period, and to use the term 
pre-Carnbnan for the granitic, gneissio, and schistose rocks, which may 
be, to be sure, metamorphosed Algonkian eruptive or sedimentary rocks, 
but which also may be Aichean. In certain localities the term Algou­ 
kian has already been applied to such an unseparated complex. To use 
the term in this indiscriminate inannei will be sure to render it value-
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less, because it will become so vague. If the tendency to give a definite 
position to a complex of rocks of undetermined age can not be resisted, 
it is far better to call it Archean than Algoukiau, as the former has been 
for many years the receptacle for the unknown.

DIFFICULTIES IN ALGONKIAN STRATIGRAPHY

Since among the pro-Cambrian elastics paleontology is not yet avail­ 
able in correlation, it is exceedingly difficult to make widespread 
subdivisions of the Algonkian, such as are made in later time. The 
difficulty is further increased by the unequal metamorphism in differ - 
eut regions of series of the same age. The Algonkian is in just such a 
position as regards wide correlation of its constituent series as would 
be the Paleozoic or Mesozoie if their known fossil contents were so 
small as to be useless for the purposes of correlation. The structure 
of individual districts and regions could be worked out and the forma­ 
tions correlated, but the attempt to equate the Cambrian, Silurian, 
Devonian, or Carboniferous of one region with rocks of the same age 
in a far distant one would be an almost hopeless undertaking. In the 
Carboniferous the beds of coal would serve as an important guide, but 
if implicitly followed and no fossils were available, the Tnassic of 
Virginia, the Carboniferous of the Central United States, and the Cre­ 
taceous of the West would be placed together. If the iron-carbonate 
formations of the AJgoukian in the Lake Superior region, which appear 
to be more characteristic than any other one kind of rock, were followed 
as a guide, the result would be to place together two nnconformable 
series.

We may, perhaps, go so far in some cases as to correlate series which 
occur in different districts of the same region when a set of character­ 
istic formations constituting the series occurs in like order and the series 
are in the same relative positions to overlying and subjacent series, one 
or both of which are known to be identical in the different districts. 
If in each of a number of areas several pre-Cambrian series occur, of the 
same general character in each area, with like relations to one another 
and to the Archean and Cambrian, and not so far apart as to be outside 
of the same geological basin, it is probable that a provisional correlation 
is warranted. While, then, it is not practicable to subdivide the Algon­ 
kian in to general series which shall cover the whole of North America, 
it is often possible to do so in a single geological basin, or in adjacent 
basins in which the relations of the separate formations and series can 
be worked out.

SECTION III. 

THE ORIGINAL LATJRJSNTIAK DISTRICT.

The Original Laurentian district and its eastern extension may be 
considered to cover the broad area of pre-Cambriau rocks which have 
been closely studied north of the Ottawa and St. Lawrence rivers
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CRUMPLED GNEISS; SHORE OF OTTAWA RIVER NEAR FERRY OPPOSITE MONTEBELLO. 

Photograph by R. W. Ells.
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between the cities of Ottawa and Montreal. This does not include the 
Hastings distnct of Vennor. The statement below is largely based 
upoii the woik of Logan, Adams, and Ells.

SUCCESSION

The Basement Complex, or Archean, occupies the larger part of the 
distnct. This is called the Ottawa gneiss or Lower Laurentian, by the 
Canadian geologists. The Archean consists mainly of a granitoid 
gneiss, reddish or grayish in color. Different parts of it differ in 
coarseness, in relative proportion of constituent minerals, and in dis­ 
tinctness of foliation. It is poor in the iron-bearing minerals, but 
bands of hornblende-gneiss are not uncommon. Other schistose rocks 
are occasionally found. Contained in this gneiss are considerable areas 
of intrusive material, of which granite and syenite are two of the 
most important kinds. In this gneiss is, however, no material which is 
demoustrably of sedimentary origin, or even of surface ongm, nor any 
material which suggests metamorphosed sedimentary or surface vol­ 
canic material. Its lithological characteristics are those of modified 
plntomc rocks. It shows, both in the field and under the microscope, 
evidence of profound orogemc movements. It has no structure but 
foliation. Throughout much of the area the dip is in an eastern direc­ 
tion at moderate angles. The vast thicknesses which have been given 
for the Lower Laurentm.n have been based upon the supposition that 
the gueissic structure is bedding.

Itestmg upon the Archean is a series of Algonkian rocks. By the 
Canadian geologists these are called the G-reuville series, and placed 
as Upper Laurentian. They will be referred to here as the Grenville 
Algonkian. The Algonkian is ot a much more intricate lithological 
character than the Archean. In this series gneisses are still the pre­ 
dominant rocks, as in the Archean, but they present a greater variety 
of miueial composition, are more frequently strongly foliated, and often 
occur as well-defined bands or layers, like strata of sedimentary forma­ 
tions. Analyses of these gneisses by Adams show that they have the 
composition of shales and slates rather than that of the Archean gran­ 
ites and gneisses; especially, the former contain less alkalies than the 
latter. Interstratifted with the acid gneisses are hornblende-gneisses 
and hornblende-schists, beds of quart/ schists, and thick beds of crys­ 
talline limestone. The gneisses are very often strongly garnetiferous. 
The limestones, and sometimes the gneisses, are graphitic, and m cer­ 
tain places are so rich m magnetite as to furnish iron oies. The folding 
of the scries is complex, the contortions of the gneisses (PI. CXI) and 
their infoldings with the marbles being remarkably intricate (PI. CXII). 
At various places the erogenic forces have been so great that bands of 
gneiss within the marble have been disrupted and autoclastic rocks 
produced. These breccias frequently resemble closely a conglomerate, 
especially when bands of gneiss have been broken within a marble.
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Eveu when the mterstratih'ed gneiss is brecciated the marble is often 
perfectly massive. Since in certain cases thick bands of gneiss have 
resisted pressure so as not to be fractured, while other belts of gneiss 
immediately above, interstratin'ed with the marble, have been broken 
into autoclastic rocks, the phenomena have suggested that the brec­ 
cias are basal conglomerates, and that there is a structural break 
between the part of the series bearing the marble and the gneiss. 
below. However, in all cases m which close study has been made these 
pseudo-conglomerates have been traced step by step into the ordinary 
inteilaminated set ot gneisses, schists, and marbles. Ells believes the 
marble series in the original G-renville area to be m numerous synclinal 
troughs, underlying and between which is the Ottawa gneiss.

This upper series, consisting as it does of legular alternations of 
marbles, qiiartz-sehists, and gneisses, bearing graphite and iron oies, 
is believed to be a profoundly metamorphosed sedimentary series, 
although there has not been discovered anywhere in the region any 
other evidence of clastic characters. So profound have been the oro- 
genic movements that the once-rounded grains, and even the pebbles 
and bowlders, if they ever existed, have been wholly destroyed.

According to Adams, the gneisses of this series, unlike those of the 
Archean, show little or no granulated structure, but are eharactenzed 
by extensive recrystnlhzation with the development of new minerals.

In the district gabbro covers numerous areas, some of them thou­ 
sands of square miles in extent. The gabbro in many places has been 
profoundly modified by dynamic action, so as now to be regularly lami­ 
nated over extensive areas. There are gradations at many places 
between the massive and laminated varieties. This gabbro was for­ 
merly regarded as a later sedimentary series, but is now known to be 
an intrusive of later age. Various basic and acidic rocks are intruded 
along or across the lamination of the sedimentary series.

Resting uuconformably upon the upturned edges of the deeply eroded 
pre Cambrian rocks of the region are the little-disturbed Cambrian 
locks.

The relations which obtain between the Basement Complex and the 
Algonkian, so far as yet ascertained, are those of apparent gradation. 
This is therefore one of the districts the phenomena of which may be 
explained by any of the different theories as to the origin of the 
Aiehean. The down ward gradation was explained by Logau to be that 
of progressive metauiorphism, the basement gneiss, as well as the Gren- 
ville series, being regarded as sedimentary. The relations have been 
explained by Lawson by the suberustal fusion of the Grenville series, 
thus producing the granite-gneiss. However, Adams's determination 
that the gneisses of the Greiiville series most nearly like those of the 
Archean differ from them radically m chemical composition appar­ 
ently shows that the hypotheses of Logan and Lawson are untenable, 
for^if an average analysis of the entire Greuville series were taken, it
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INTRICATELY FOLDED INTERLAMINATED GNEISS AND LIMESTONE, 

The limestone contains nodules of gneiss, and the gneiss nodules of limestone, both produced by dynamic action.
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is highly probable that this difference would be still more marked. 
Consequently it is not probable that the Archean gneiss was formed by 
the fusion or metamorphism of the Grenville series.

There remains the final hypothesis that the basement gneiss may be of 
igneous origin, either earlier or later than the sedimentaries, the apparent 
gradation not being real, but due to the profound metamorphism which 
has subsequently occurred. If the schistosity in the upper series was 
produced by accommodations parallel to the bedding, it is to be expected 
that a chief zone of readjustment would be at the contact between the 
upper sedimentary series and the lower igneous series. This being the 
case, it would follow that along this plane of movement the two series 
might be welded together, and a crystalline schist be produced, in part 
from one and in part from the other. Which of these three solutions 
will be considered most probable in the case of a given individual will 
depend largely upon the personal equation and the area in which the 
investigator's work has been done. If he has been working in u dis­ 
trict in which one of the three sets of relations are clearly demonstrated, 
he will be inclined to believe that this is the explanation which will 
apply to the district of the Original Laurentian. From present evi­ 
dence I am inclined to believe that the Ottawa gneiss is igneous, and 
older than the Grenville series.

Both Log-in and Ells have subdivided the Grenville Algonkian into 
formations, but their successions are not the same, and as yet final maps 
of the area have not been published. While there is no doubt that sev­ 
eral formations exist, the separation of them is exceedingly difficult, on 
account of the complicated structure and profound metamorphism. It 
follows that no accurate estimate of the thickness of the series has as 
yet been made. »

CORRELATION.

If the principles of correlation advocated m Part I are true, we 
have no basis upon which to compare the rocks of the Original 
Laurentian area with those of the Original Huronian or other distant 
districts. As yet it has not been shown that the areas of the Greuville 
Algonkian and the Original Huronian belong to the same geological 
province, and until this is done it can iiot be assumed that the more 
crystalline character of the former, and the presence of a clear uncon­ 
formity between the Algoukian and the Archean in the Huronian 
district, give facts upon which to infer that the rocks of one area are 
older than those of the other. It is well known that in the eastern 
part of America strong dynamic action has affected the Paleozoic 
rocks for extensive areas, while in the Lake Superior region the Cam­ 
brian rocks are undisturbed. These later movements and the intru­ 
sions of the gabbro may have been the cause of the increased meta­ 
morphism of the Laurentian. The Hastings Algonkian (considered 
later) occupies an areal position between the Original Laurentian and 
the Original Huronian. Also it is altered to an intermediate degree, 
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This suggests that it may be equivalent to both or a part of both, and 
that the different amounts of metamorphism in the three areas maybe 
explained by the increased dynamic action in passing east. Also the 
unconformity at the base of the Algonkian in the Original Huronian 
area may be equivalent to an unconformity which exists at the base of 
the Algonkian 111 the Original Laurentiau, the apparent gradation and 
absence of discovered evidence of unconformity being explained by 
dynamic action and igneous intrusion. While the Grenville Algon­ 
kian can not be shown to be older than the Huronian of Lake Huron, 
on the other hand it can not be shown to be equivalent to or newer 
than it. As yet we can make no closer comparison than to say that 
both are Algonkian, and occupy some part of the time between the 
Cambrian and the Archean.

The Original Laurentian district and the Adirondack district are 
thought to belong to the same geological province. In the following 
pages it will be seen that the Grenville Algonkian is paralleled very 
closely in character and relations by the Adirondack Algonkian, and 
is probably equivalent to it. The gabbros of the two districts are also 
probably contemporaneous.

PRINCIPLES ILLUSTRATED.

If it be regarded as proved that the Algonkian rocks are sediment­ 
ary, this district furnishes good illustrations of the following principles: 
(1) Development of thick and extensive formations of completely crys­ 
talline schists, gneisses, and marbles from sedimentary beds; (2) for­ 
mation of autoolastic rocks; (3) formation of a massive sedimentary 
rock, marble; and (4) monoclmal gneissic banding

(1) Among all the rocks of the district there has not been found, 
either macroscopically or microscopically, any evidence of clastic char­ 
acters. The thick beds of limestone are changed to crystalline marble. 
The beds of sandstone have had each of the fragmental grains granu­ 
lated and destroyed. The pebbles of the conglomerates, if such have 
existed, have also been mashed beyond recognition. Yet such is the 
regular mterlaminatioii of thick beds of marble, quartz-schists, and 
various gneisses, certain of the narrow bands being very graphitic, as 
to lead inevitably to the conclusion that the whole was once a sedi­ 
mentary series.

(2) While no genuine conglomerates are found, the bauds of brittle 
gneiss within the plastic limestone have been shattered over extensive 
areas, and the fragments have been rubbed against one another until 
rocks were produced which are very similar to genuine conglomerates. 
These may, however, be traced to the brecciated and finally to the 
uubrecciated bands of gneiss.

(3) Fragments included in the marble are evidence of profound 
dynamic action. This is further shown by the strain effects within 
the fragments and by the highly contorted gneisses which are always
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found adjacent. Notwithstanding this, the including marbles are often 
massive, and show little or no evidence of strain. This renders it 
highly probable that this rock recrystallized under static conditions 
after movement ceased, the change being produced by the heated con­ 
dition of the rocks, caused by dynamic action or igneous intrusion, or 
both.

(4) Adams describes the Archean gneisses of the district as having 
a foliation which very generally dips to the east. As shown in another 
place (pp 662-068), snch uniform foliation over wide areas is probably 
explained by the formation of a cleavage, the development of flssility 
secondary to this cleavage, and later parallel impregnations or injec­ 
tions between fissile laminae.

SECTION IV. 

THE ADIRONDACK DISTRICT.

The Adirondack district is in the State of New York west of Lake 
Ohamplain, directly south of the Original Laurentian district. It 
includes the Adirondack Mountains and a portion of the surrounding
area.

SUCCESSION

The little disturbed Cambrian sandstone rests unconformably upon 
the pre-Cambrian rocks of the district. The rock succession in this 
district and the lithological characters of the rocks are almost identical 
with the Original Laurentian district, except that tlie equivalent of the 
Ottawa gneiss may be absent. The relative areas occupied by the 
different rocks are, however, different. The great central mass of the 
Adirondacks is anorthosite or gabbro. The gabbro in the interior is 
generally massive, but on its outer border it grades at many places 
into a regularly laminated rock resembling very closely a laminated 
gneiss. It is clearly intrusive in the Algonkian, as shown by its con­ 
taining fragments of the latter, by contact metamorphism, by cutting 
dikes, and by other field relations.

About the gabbro area is a broad zone of the metamorphosed Algon­ 
kian sediments, which Smyth (C. H.) proposes to call the Oswegatehie 
series. The contact between the two is not sharp, there being a belt 
of some width in which the sedimentary rocks and intrusives are inter­ 
mingled. On the west side of the mountains, m passing toward the 
center from the gneissic area, the gabbro is first found in subordinate 
quantity, then becomes more and more abundant, then predominant, 
and finally is the only rock. These relations are characteristic of great 
batholitic intrusions. On the east side of the mountains the waters of 
Lake Obamplain prevent one from determining whether or not a belt 
of sedimentary rocks free from gabbro lies east of the zone in which 
the two are intermingled.

The peripheral belt of Algonkian is a great series of bedded rocks
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having for mucn of the area, in a general way, a quaquaversal arrange­ 
ment, the dips being rather flat. The rocks about the gabbro consist 
of white and red, regularly laminated, often garnetiferous gneisses; of 
crystalline limestones, some of the belts being of considerable extent 
and apparently of great thickness; of lesser quantities of garnetiferous 
quartz-schist; and of graphitic gneiss, and also include beds of mag­ 
netic iron ore. The gneissic beds, interlaminated with the limestone, 
are garnetiferous and micaceous, or pyroxemc and hornblendic. Many 
of the latter may be intrusive. Near Hague is a bed of strongly graph­ 
itic gneiss between beds of ordinary gneiss, which, viewed at a distance, 
has the appearance of a layer of coal in an ordinary bedded succes­ 
sion. The Adirondack Algonkian is everywhere completely crystalline. 
Neither macroscopically nor microscopically do any of the rocks show 
any clastic structure, but the original beds were not obliterated. The 
direction of the bedding may therefore be determined in parts of the 
region by the contacts of the layers of different lithological characters. 
So far as observed, the schistosity of the series corresponds with the 
bedding.

Between the marble-bearing gneisses are the intervening gneisses 
free from limestone, which are red or gray and orthoclastic. The 
broader of these areas are on the south and west sides of the Adiron- 
dacks. Smyth thinks that near Natural Bridge the gneiss grades into 
gabbro. On the western and southern sides of the Adirondacks the 
marbles are much more extensive than on the eastern side. The 
largest belt is 20 miles long and 6 miles broad.

At many places the contact of the marble with the gneiss is of a most 
extraordinary character. The plane between them is one of great 
irregularity. Interstratifled with the limestone are gneissic or pegma- 
titic layers. As a result of a strong movement, at many localities the 
interstratifled gneiss and pegmatite have been broken into fragments 
which are contained within the marble (PI. CXIII), thus producing 
autoclastic rocks which in some places simulate remarkably eiosion 
conglomerates. However, between the breccia and the interlaminated 
gneiss, pegmatite, and marble there are all gradations. The marble 
associated with or containing the disrupted fragments of the gneiss in 
some places shows no evidence whatever of movement, being massive 
and coarsely crystalline. The included fragments and gneiss adjacent, 
on the other hand, give all the evidences of strong movement.

The relations which obtain between the lower gneiss and the Algon­ 
kian are identical with those obtaining between the Archean and the 
Algonkiau m the Original Laurentiari district, and any one of the expla­ 
nations offered for the latter may be thought to apply to this region. If 
it prove true, as suggested by Smyth, that the red gneiss is connected 
with and is a facies of the intrusive gabbro, the oldest series of the dis­ 
trict may be the Algonkiau sediments. Except for small areas, no maps 
have been published which subdivide the Algonkian into formations, 
and no estimate of the thickness of the series has yet been attempted.
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MASSIVE LIMESTONE CONTAINING NUMEROUS FRAGMENTS. 

The whole has a strongly conglomeratic appearance ; the fragments are, however, dynamic. Photograph by Walcott.
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CORRELATION

The Adirondack district is directly south of the Original Laurentian 
district. It is separated from the latter by no great distance, but it will 
never be possible to connect the formations of the two areas, since the 
intervening distance is covered by Paleozoic sediments. However, the 
two districts appear to belong to the same geological province, and the 
lithological similarities of the Algonkian series are such that there can 
scarcely be a reasonable doubt that they are contemporaneous. Also, 
in all probability, the great gabbro masses of the two areas were con­ 
temporaneous. Whether there is in the Adirondack district a lower 
series equivalent to the Archean gneiss of the Original Laurentian is 
uncertain.

PRINCIPLES ILLUSTRATED.

All the principles illustrated by the Original Lanrentian district (see 
p. 770) are equally well shown by the Adirondack district. Further, 
the following additional principles are finely illustrated: (1) The qua- 
quaversal arrangement of theAlgonkian series about the gabbro points 
to the introduction of this great batholitic mass as a cause of this dis­ 
tribution; (2) the development of foliation parallel to bedding.

(1) Probably before the appearance of the gabbro the Algonkian was 
nearly horizontal for much of the district. During the intrusion of this 
great mass of rock the sediments were uplifted in a general way about 
it, and consequently dip away from it. To this usual rule there are 
many local exceptions. The direct contact action of the fluent mass of 
the gabbro, the wider effect of the thermal waters emanating from it 
perhaps to great distances, and the mechanical readjustments in the 
sedimentary rocks, were probably important causes of the metamor- 
phism of the clastic series.

(2) In the formation of schistosity parallel to bedding, which occurs 
in parts of the district, vertical shortening and consequently horizontal 
elongation below the level of no lateral stress may have begun 
the process. When the rocks were subsequently folded the differ­ 
ent degrees of strength of differently indurated beds evidently con­ 
trolled the direction of differential movement, and the production of 
cleavage parallel to the bedding was thus assisted. Further, as before 
suggested, the great batholitic mass of gabbro may have promoted the 
accommodations parallel to bedding, and also, by furnishing hot solu­ 
tions, which followed the structure, may have favored the development- 
parallel to the schistosity of new minerals by metasomatic processes.

SECTION V. 

THE HASTINGS DISTRICT.

The Hastings district includes an area between the Ottawa and 
St. Lawrence rivers southwest of the city of Ottawa, extending from 
Peterborough and Hastings counties on the southwest to Lanark and 
Eenfrew counties on the northeast.
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SUCCESSION

The Basement Complex or Archean of this district differs in no 
particular from that of the Original Laurentian area, except that intru­ 
sive syenites may, perhaps, be more abundant. The Algonkian rocks 
are also very similar to those of the Laurentian area. As in that 
district, there are interstratified mica-schists and rmca-gneisses, horn­ 
blende-schists and hornblende-gneisses, quartz-schists, and marble; 
mica-slates are also fouud. There is, however, the great difference that 
in the Hastings area conglomeratic schists and gneisses are abundant. 
These may be seen in typical development about and between Madoc 
and Bridgewater. These conglomerates contain a great variety of 
pebbles, including granite, syenite, felsite, gneiss, marble, and quartz. 
The pebbles of the conglomerate vary from distinct, well-rounded ones 
to those which are flattened in a remarkable manner, in some cases 
being not more than a half inch broad and 5 or 10 inches long. Cut 
in certain directions, the rock containing these pebbles appears to be a 
perfect crystalline schist. Cut in another direction, it is clearly a con­ 
glomerate with a schistose matrix. The greater diameters of the flat­ 
tened particles invariably accord with the direction of schistosity. 
The schist-conglomerates grade at various places into nonconglomeratic 
crystalline schists or gneisses. The demonstrably sedimentary origin 
of a portion of the rocks of the district and their gradation into crys­ 
talline schists give additional evidence of the sedimentary nature of 
the marble-bearing series. Felsite, felsite-breccia, and other volcanics 
are associated with the sedimentary rocks. These are extensive in area 
and are an important feature of the district. Also associated with the 
Hastings series are abundant augitic and hornblendic rocks, many of 
which are probably eruptive.

According to Yenner, the Algonkian is in infolded troughs in the 
Archean, exactly as is the Algonkian in the Archean of the Original 
Laurentian area, according to Ells. The Archean gneiss is far the 
most widespread, while the gneisses bearing the marbles occupy com­ 
paratively limited areas.

As to the relations which obtain between the Archean and Algonkian, 
so far as descriptions go, the same interpretations may be offered 
as in the case of the Original Laurentian and Adirondack districts. 
However, Venner, who has done more work in the Hastings district 
than anyone else, believed that the two are uncouformable, and in sup­ 
port of this view there is the presence of very numerous fragments of 
gneiss, syenite, and granite in the upper series which are exactly like 
the Archean and appear to have been derived from it. Since the Has­ 
tings Algonkian is less metamorphosed than the Grenville Algonkian, 
the former district is a more favorable one in which to study the rela­ 
tions of the Archean to the Algonkian, and if in the future it shall be 
found that the parallel schistosity of the two is really superinduced,
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and that between them there is a structural break, this would have 
considerable weight in reference to the relations which obtain in the 
Original Laureutian area between the Archean and the Algonkian.

CORRELATION

In geographical position the Hastings series is not very remote from 
the Original Laurentian. Also, as has been seen, there is a great 
similarity in the successions of the two districts, the main difference 
being in the presence of unmistakable conglomerates in the Hastings 
district and the presence of volcanics. It is probable that future work 
will connect the two districts, and positively determine the relations 
between them. It is thought that the Hastings Algonkian will ulti­ 
mately be found to be a part of the same series as the G-renville 
Algonkian. This was the view of Logan, and it has been the position 
of most of the Canadian geologists; but certain of them, on account of 
the conglomerates and the volcanics, have correlated the Hastings 
Algonkian with the more remote Huronian rocks. If, as suggested on 
a previous page, the Grenville Algonkian and Original Hnronian, or a 
part of it, may be equated, this correlation may prove to be equally jus­ 
tifiable. On a subsequent page evidence is given for dividing the Origi­ 
nal Huroniau into two unconformable series, the lower of which is the 
more crystalline. Should this subdivision stand, the lower of the two 
Huronian series is perhaps more probably to be correlated with the 
Hastings and Grenville Algonkian.

PRINCIPLES ILLUSTRATED.

This district gives fine illustrations of the extensive development 
of crystalline schists which are beyond all reasonable doubt of sedi­ 
mentary origin. While extensive areas have lost all evidence of their 
fragmental characters, here and there the pebbles of the coarser-grained 
conglomerates have been preserved, although the matrix itself is com­ 
pletely crystalline. The flattening of the pebbles of the conglomerates 
to oval forms, to cardboard-like layers, to films indistinguishable from 
the other laminae, and all gradation phases are beautifully illustrated. 
It is evident in many places that the resultant banding of the schist 
or gneiss is independent of bedding. This district also furnishes one 
of the finest instances known of the accordance of the greater diame­ 
ters of the flattened fragments with the secondary structure, and there­ 
fore shows that in this area the schistosity developed normal to the 
pressure. (See pp. 636-641.)

SECTION VI.

THE ORIGINAL HURONIAN DISTRICT AND ITS KORTHEAST
EXTENSION.

The Original Huronian area borders the north channel of Lake 
Huron and extends west to Lake Superior. The continuation of this



776 PRINCIPLES OF NORTH AMERICAN PRE-CAMBRIAN GEOLOGY.

Huronian area is mapped as a broad belt extending far to the north­ 
east. This vast region has, however, been studied in detail only adja­ 
cent to the north channel of Lake Huron and in the Sudbury district, 
a short distance from Georgian Bay. What follows applies only to the 
area which has been mapped in detail.

SUCCESSION.

The Archeau of this district, as in the previous districts discussed, 
consists more largely of gneissoid granite than of other kinds of rocks, 
and there are also present various dark-colored schistose gneisses, and 
the whole is cut in the most intricate fashion ,with later intrusives, and 
oftentimes by pegmatite veins. The complex as a whole was pro­ 
foundly affected by dynamic actions and deeply denuded before the 
Lower Huronian was deposited upon it. Besting upon this Basement 
Complex are the probably unconfornaable Lower Huronian and Upper 
Huronian series. In the original area, mapped by Logan and Murray, 
the Lower Huronian consists of five formations, in ascending order as 
follows: (1) Gray quartzite, 500 feet; (2) chlorite slate, 2,000 feet; (3) 
white quartzite, 1,000 feet; (4) lower slate conglomerate, 1,280 feet; 
(5) limestone, 300 feet; total, 5,080 feet. Logan states that the esti­ 
mates of the thickness of (1) and (2) are very doubtful. The chlorite- 
slate (2) is a surface volcanic. Resting upon the Lower Huroniau is 
the Upper Huronian, consisting of eight formations. According to 
Logan these are as follows: (1) upper slate conglomerate, 3,000 feet; 
(2) red quartzite, 2,300 feet; (3) red, jasper conglomerate, 2,150 feet; (4) 
white quartzite, 2,970 feet; (5) yellow, cherty limestone, 400 feet; 
(C) white quartzite, 1,500 feet; (7) yellow, cherty limestone, 200 feet; 
and (8) white quartzite, 400 feet; total, 12,920 feet.

The above terms, proposed by Logan and Murray, could hardly be 
improved at the present time, except that the slate conglomerates 
would perhaps be called graywacke and graywacke-conglomerate. It 
is stated by Logan that included within these formations are consid­ 
erable beds of extrusive and intrusive igneous rocks. These are not 
separated from the sedimentary rocks, and thus the total thickness 
above given is considerably more than the actual thickness of the sedi­ 
ments. That the igneous rocks are in certain cases contemporaneous 
overflows is shown by their amygdaloidal character. Abundant intru­ 
sives are also present. These include both greenstones and granite, 
which occur in the forms of bosses, dikes, and sills. The intrusion of 
bosses of the granite in the Huronian has caused increased metamor- 
phism about them, and since they cut both the Archean and the Algon- 
kian to a certain extent, they have bound together these groups. These 
intrusives are extensive in some areas, and this has led certain observ­ 
ers to overlook the structural break which exists between the Archean 
and the Huronian Algonkian, and to conclude that all of the gneiss 
of this area is really intrusive and later than the Huronian, it being
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supposed to be produced by the melting of the lower beds of the 
Huroman.

On some islands about four or five miles east of Thessalon, below the 
gray quartzvte (1) of the Lower Huron lan is a great basement con­ 
glomerate which contains waterworn fragments from all of the many 
different varieties of rocks of the Archean. This conglomerate passes 
up into the ordinary quartzite. The Archeau here consists of dark- 
colored, fine-grained gneisses which have been intruded in the most 
intricate fashion by granite, and later both have been pegmatized. 
Numerous fragments of the gneiss are within the granite. Some are 
angular; others by absorption are partially rounded.

Near the wagon road from Sault Ste. Marie to Garden River the lower 
slate-conglomerate is in almost direct contact with the granite of the 
Archean, and here its basal horizon is a recomposed granite-breccia, 
which so nearly resembles the original granite that its fragmeutal 
character is discovered only on the weathered surface, by reason of the 
more rapid disintegration of the matrix, thus leaving the irregular 
fragments of granite as protruding masses. This granite stucco, by 
decrease in the size of its fragments and increase m the quantity of 
the matrix, passes upward by gradation into the ordinary graywacke- 
conglomerate (lower slate-conglomerate) of the district.

That the Lower Huroman rests unconfbrmably upon the Archean is 
shown by these two contacts, at which the relations are perfectly clear. 
Before these contacts were discovered the existence of this unconform­ 
ity was held upon the ground that in the Huroniau are very numerous 
fragments of gneissoid granite and syenite which are exactly similar to 
the granite gneiss and syenite of the Basement Complex. This uncon­ 
formity implies that the subjacent series had been folded, foliated, 
intruded by various igneous rocks, and profoundly eroded before the 
Lower Huroman was deposited. The unconformity is thus as profound 
and indicates as great a lapse of time as it is possible for an uncon­ 
formity to show. The Lower Huroman and Upper Huroman have been 
considered separately, since there is probably an unconformity between 
them. This, however, rests upon less certain evidence. On the whole, 
the Lower Huroniau seems to be more closely folded and somewhat 
more crystalline than the Upper Hurouian. The field relations of the 
formations of the Upper Huroman to those of the Lower Huroma,u 
are such in certain localities as to make them difficult to explain with­ 
out an unconformity. Also at a limestone quarry about two miles 
east of Garden River the upper slate-conglomerate in typical develop­ 
ment bears pebbles and bowlders of the limestone of the Lower Huro­ 
man, and the contact is clearly one of erosion and between two forma­ 
tions wholly different in lithological character. There is no evidence, 
however, that the erosion was great, and this change in itself would 
not necessarily mark a great time gap. The probability of an uncon­ 
formity between the Lower Huromau and Upper Huroniau is further
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supported by the presence of numerous jasper fragments in the red jas­ 
per conglomerate,which are presumably derived from the jasper which 
is associated with certain parts of the Lower Huronian.

In the Original Huronian area we therefore have the following ascend­ 
ing succession: Basement Complex or Archeau, unconformity, Algon- 
kian. The Algonkian is further subdivided into Lower Huronian and 
Tipper Huronian, these series being separated by a probable unconform­ 
ity. All of the above series were folded and deeply eroded before the 
deposition of the unconformably overlying horizontal Cambrian.

The formations of both the Lower Huronian and the Upper Huronian 
are gently folded, the dips for most areas being only a few degrees. In 
parts of the district the folding is somewhat closer, but the rocks are 
nowhere closely corrugated. In this particular they contrast strongly 
with the Grenville Algonkian.

In the earliest work upon the area north of Lake Huron, Logan and 
Murray called the Huronian rocks a nonmetamorphic series, in con­ 
trast with those of the Laurentian area Their sedimentary and little- 
altered character is at once recognized This corresponds to what oue 
would expect from their geiitle folding. While it is true that the 
Huronian rocks have not been much metamorphosed, they are thor­ 
oughly indurated so completely so that when the rocks are broken 
the particles of quartz in the graywackes and quartzites and the peb­ 
bles in the conglomerates are fractured instead of being pulled from 
their sockets. A microscopical study shows that their induration is 
mainly due to consolidation, cementation, and metasomatism. In the 
quartzites the quartz grains have been enlarged, and in many cases much 
independent interstitial silica has deposited. The feldspars have exten­ 
sively altered to various secondary minerals, particularly to quartz 
and' chlorite. While the microscope shows undulatory extinction in 
the mineral fragments, and even in some cases distinct fracturing, the 
movements have not been sufficient in the typical area to develop schis- 
tosity, although complex jointing is often found. Back from the coast, 
in the area in which batholites of granite are abundant, the metamor- 
phism is much more advanced. There intrusives and mashing play an 
important part. In proportion as the dynamic forces were strong, 
biotite and muscovite largely replace chlorite as an alteration product 
of the feldspar. The altered' rocks instead of being graywackes and 
graywacke-slates are mica-slates and mica-schists.

Within the area of the Original Huronian there is a certain amount 
of variation in the stratigraphical succession and a considerable varia­ 
tion iu the degree of alteration. For instance, at Garden Eiver the 
three lower formations are absent, the lower slate-conglomerate resting 
upon the Archean. As the Huronian is mapped to the northeastward 
from Georgian Bay. considerable changes take place in its character, 
but as yet no attempt has been made to follow the individual formations 
far from the lake shore.
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The recent work of Bell in the Sudbury district shows that the 
Archean, Lower Huronian, and Upper Huronian have there the same 
general characters as near the coast, but as no subdivision of the series 
into formations is given, the latter maybe different. While the Upper 
Huronian is in a general way similar to that of Georgian -Bay, there are 
also present extensive areas of devitrifled volcanic glasses and breccias.

In this Sudbury district Bell summarizes the character of the Huro­ 
nian as follows: The Lower Huronian is " a series comprising quartzites, 
massive graywackes, often holding rounded and angular fragments; 
slaty graywackes with and without included fragments, drab and gray 
argillites and clay slates, diontic, hornblendic, sericitic, felsitic, mica­ 
ceous, and other schists, and occasionally dolomites, together with 
large included masses or areas of pyritiferous greenstones. This group 
constitutes the ordinary Huronian of the district." The Upper Huronian 
consists of "a thick band of dark-colored siliceous volcanic breccia and 
black slate (generally coarse), overlaid by drab and gray argillaceous 
and nearly black gritty sandstones and shaly bands. The breccia is 
underlaid m places by quartzite-conglomerate." Great bosses of intru­ 
sive granite and diorite abound, and the associated rocks are much 
more metamorphosed than are the Huronian at the North Channel. 
The contact effect, thermal waters, and mechanical action have exten­ 
sively changed the shales and" grits into mica-schists, and the quartzites 
occasionally approach quartz-schist.

CORRELATION.

As to the relations of the Huronian Algonkian and the Grenville and 
Hastings Algonkian, nothing more can be said than is given on a previ­ 
ous page. Logan thought the Huronian to be probably newer than the 
Grenville, because of the structural break which obtains on the north 
shore of Lake Huron between the Huronian and Archean, but which is 
apparently absent in the Original Laureutian area between the Gren- 
ville and Archean, and because the Huronian rocks are not metamor­ 
phosed, while those of the Grenville series m the Laurentian district 
are completely crystalline schists. However, it has been seen that 
crystalline character is not primarily due to age, but to dynamic action 
and igneous intrusion, and also that the apparent unconformity between 
the Laurentian Algonkian and the Archean may be really illusory. In 
the following section upon the Lake Superior region reasons will be 
given for placing the two lower series of clastic rocks there found as 
the equivalents of the Lower Huronian and Upper Hurouian of the 
north shore of Lake Huron.

PRINCIPLES ILLUSTRATED.

In this district one may see the Basement Complex or Archean in 
its typical development, there being unusually fine examples of intru­ 
sion of the earlier gneisses by later granites, with the characteristic
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pseudo-conglomerates of intrusion. A basal conglomerate and erosive 
contact of unconformity are exhibited upon a fine scale east of Thessa- 
lon. It so happens that at one of the localities east of Thessalon, where 
an intrusive granite in the Archean is best observed, the basal con­ 
glomerate of the Lower Huronian is immediately adjacent, and rests 
here upon the granite and there upon the gneiss, so that we have side 
by side the contrasting phenomena of eruptive and erosive unconform­ 
ity. Along the North Channel tbe induration of rocks by consolidation, 
cementation, and metasomatism, with little dynamic action, is finely 
illustrated. Along the railroad between Algoma Mills and Sudbury, 
and at other localities, the development of mica-schists by a combina­ 
tion of intrusion and mashing and the above processes is well illustrated. 
The great age of the little altered rocks affords excellent proof that age 
combined with considerable depth of burying is not sufficient to render 
rocks crystalline. The Original Huronian is the first district in which 
unconformity and degree of crystallization were used to separate the 
Archean from the Algonkian; also, it is the first district in which 
pre-Oambrian sedimentary series were separated into formations and 
mapped, and an attempt made to accurately determine their thickness.

SECTION VII. 

THE LAKE SUPERIOR TlEGIO3f.

The ancient formations south of Lake Superior may be grouped into 
five great divisions: The Basement Complex, the Lower Huronian, the 
Upper Huronian, the Keweenawan, aud the Lake Superior sandstone, 
These five divisions are separated by unconformities of great magni­ 
tude, two of th'em, at least, being of the first order. According to 
the classification adopted by the United States Geological Survey, the 
Basement Complex is Aichean; the Lower Huronian, Upper Huronian, 
and Keweenawan constitute the Algonkian for this region; and the 
Lake Superior sandstone is Cambrian.

The area comprised in the Lake Superior region includes all the pre- 
Cambnan rocks south aud west of Lake Superior to the Paleozoic 
deposits, and a broad zone on the north shore, extending roughly from 
the Lake of the Woods to Lake ITipigon, and thence southeast to the 
Original Huronian area. The northern limit of this area is indefinite, 
but the treatment below applies only to those areas which have been 
studied in some detail. Included in the region south and west of 
Lake Superior are also various outliers, surrounded by Paleozoic sedi­ 
ments, some of which are of great extent. The pre-Keweenawan dis­ 
tricts which have been studied more or less closely in the great central 
area are the Marquette, Meuominee, Penokee, Mesabi, Vermilion, Lake 
of the Woods, Eamy Lake, Hunters Island, and Karniriistiquia. The 
more important outlying districts are the Sioux quartzites of Dakota,



VAN HISE.) AKCHEAN OF THE LAKE SUPERIOR REGION. 781

Iowa, and Minnesota; the Wisconsin River valley slates, schists, and 
quartzites; theChippewa and Baraboo quartzites of Wisconsin; and the 
Minnesota Kiver valley gneisses. The Keweenawan rocks have received 
comprehensive study.

SUCCESSION.

THE ARCHEAN.

The characteristic rocks of the Basement Complex are: (1) granites 
and gneissoid granites; (2) massive and foliated intermediate and basic 
rocks, such as syenite, gabbro, and peridotite; and (3) finely laminated 
or banded gneisses and schists.

The granites and gneissoid granites are placed together, because 
between the two are innumerable gradations. The granitoid rocks have 
the greatest variety in composition, coarseness, and degree of foliation. 
They include hornbleiidic, augitic, micaceons, and chloritic varieties, 
and vary from a very acid granite to syenite. They also vary from 
coarse, massive to thoroughly foliated rocks. If one speaks accurately 
and includes among granites only those rocks which are completely 
massive, the gneissoid granites include the greater part of the granitic 
rocks; for in large exposures it is usually possible to find some evidence 
of foliation. The granitoid areas are of greatly varying sizes, running 
from small patches to those many miles in diameter. Where entirely 
surrounded by the schistose division of the Basement Complex they 
frequently have oval or ovoid forms. In nearing the outer border of the 
granitoid areas the foliation often becomes more and more prominent, 
and near the edge of an area the roek frequently passes into a well- 
laminated gneiss, similar to many rocks of the third division. .

The intermediate and basic plutonic rocks, like the acid ones, show 
both massive and foliated varieties, with gradations. They do not 
cover nearly so extensive an area as the granites. In some places the 
basic rocks appear to grade into the granites.

The schistose rocks include fine-grained mica-schists, mica-gneisses, 
hornblende-gneisses, chlorite-gneisses, and varions other green schists. 
The mica-schist and mica-gneiss or the green schists may each occur in 
extensive belts to the exclusion of the others, or they may occur inter- 
mmgled-or with gradations. All of these schists, on account of their 
foliation, were formerly supposed to be sedimentary, but many are now 
known to be greatly modified basic and acid igneous rocks. These schists 
have a gray, light or dark green, or black color, are usually strongly 
foliated, and the variations in strike and dip of this foliation within small 
areas are very great. Not infrequently these schistose rocks are traced 
by gradations into massive igneous rocks on the one hand and into sur­ 
face lavas or tuffs on the other. The closest and long-continued field 
and laboratory study has wholly failed to show that any of the schists 
are of sedimentary origin.
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The contacts between the schistose division and the granitoid divi­ 
sion of the Basement Complex are often those of intrusion, the granitoid 
rocks being the later. In passing from a schistose to a granitoid area, 
one first finds small, pegmatitic-looking veins of granite. Proceeding, 
one finds these veins becoming more numerous, and, after a time, unmis­ 
takable dikes of granite appear, which multiply in number and size as 
the granite area is approached, until the granite is found m great bosses. 
Here we have perhaps a nearly equal quantity of schistose and granitoid 
rocks, and in this intermediate zone the schists may be found as a 
mass of blocks within the granite, sometimes at but small distances 
from their original positions, the whole having frequently a somewhat 
conglomeratic appearance. However, these pseudo-conglomerates, so 
well described by Lawson, grade more or less rapidly on the one hand 
into the schists and on the other into the solid gneissoid granite. The 
complete change may occur within a short distance, or it may extend 
over a mile or more.

The elucidation of the relations between the schistose and massive 
areas of the Basement Complex is far from complete. It is certain that 
the massive rocks, from acid to basic, grade into typical foliated 
schists. It is equally certain that other large schistose areas have 
been produced from surface volcanics of various kinds. There are other 
large areas of schists and gneisses which as yet have not been traced 
into either unmistakable plutonic or volcanic rocks. Any or all of the 
massive or schistose rocks have been repeatedly intruded by igneous 
rocks of different kinds, so that it frequently happens that intrusive 
granite or peridotite, or other rocks of different ages and different 
degrees of alteration, are in the same district. As yet it is therefore 
impossible to say what varieties of rocks of the Archean are the oldest. 
The clean-cut, massive igneous rocks which show little or no trace of 
orogenic movements and intrude the more or less foliated rocks are 
usually comparatively late. In some places these late intrusives occupy 
great areas. Where these intrusives occur in the broad Archean areas 
separated from the Algonkian and Paleozoic rocks, it is impossible to 
say whether such igneous rocks are of Archeau or of post-Archean age.

The Basement Complex is then composed of intricately interlocking 
areas of massive and schistose rocks. Moreover, all of these rocks are 
completely crystalline. None of them show any unmistakable evidence 
of having been derived from sedimentaries, but many can be traced with 
gradations into igneous rocks, and therefore the greater proportion of 
them are igneous, if rock structures can furnish proof of such an origin.

Northwest and north of Lake Superior many of the mica-gneisses of 
the Basement Complex have been called Coutchiching, and many of its 
green schists and perhaps surface volcanics have been called Keewatm. 
However, it is possible that under each of these terms Algonkian rocks 
have also been included. This is almost certainly true of the Keewatin.

The Basement Complex is the most widespread of any of the Lake
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Superior systems, and it doubtless runs under all later formations to a 
greater or less distance. That it is continuous under all such forma­ 
tions can not be asserted, for while it was once so, it is possible, perhaps 
even probable, that in places, as a consequence of sedimentation and 
folding, the Basement Complex has beeii so deeply buried that fusion 
has locally resulted. It is even possible that such fused material is a 
partial source of the later volcanic eruptions.

Before the earliest sedimentary rocks were deposited the Basement 
Complex was subjected to enormous orogenic forces, which folded and 
metamorphosed the rocks in a most intricate manner. Accompanying 
these movements, which undoubtedly occupied a vast period of time, 
were intrusions of various deep-seated igneous rocks, and also doubt­ 
less their volcanic equivalents were extruded.

The effect of these earlier orogenic movements aud igneous intrusions 
upon the Archean rocks can not be discriminated from that of later 
movements and intrusions which also affected the Algonkian series. 
The total results only can be seen. As has already been indicated, as 
a result of the movements a cleavage was extensively developed, the 
rocks becoming metamorphosed and schistose. In the case of some of 
the green schists a fibrous structure was formed

Subsequent to and during the orogenic movements atmospheric 
forces were at work. Erosion continued long after the mountain-mak­ 
ing movements had ceased, and for much of the Lake Superior region 
reduced the Basement Complex nearly to a plane or base-level. As 
evidence of this may be cited the fact that at the end of the erosion 
interval the Basement Complex, consisting of differing lithological 
materials, and therefore having a variable resisting power, did not vary 
in altitude more than a few hundred feet for long distances. At the 
beginning of Lower Huronian time the Basement Complex was, in the 
Lake Superior region, a universal system, and it now occupies all"the 
areas not separately considered below.

THE LOWER HUKONIAN.

After the forces of erosion had nearly exhausted themselves, there 
was the first advance of the sea over the Lake Superior region of 
which we have any evidence, as a result of which the Lower Huronian 
was deposited.

The Lower Huronian rocks are best known in the Marquette and 
Menominee districts, on the south shore of Lake Superior; in the 
Vermilion and Kammistiquia districts, along the north shore of Lake 
Superior; and in the Lake of the Woods, Rainy Lake, Steep Rock 
Lake, and Hunters Island districts, northwest of Lake Superior.

South of Lake Superior the fullest series anywhere found is m the 
Marquette district. The series in the Meuommee district is somewhat 
different, but may be placed parallel to that of the Marquette district.
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The following is the descending succession, that for the Menoinmee 
series being from Smyth: l

Ijower jiTctrquette

Negaunen iron formation, 1,000 to 1,500 'feet
Siamo slate, in places including mterstratified ] 

amygdaloids, 200 to 625 feet thick 1 
Ajibik quart/rite, 700 to 900 feet f 
WewesUte 550 (o 1,050 feet ) 
"KoHii dolomite, 550 to 1, 375 teet 
Mesnard quartzite, 100 to 670 ieet

JLower Mcnomtnee

5Slates bearing rich orea 
^Michigamme jasper

Slates and altered b.isio and acidic Tolcanics, niaxi 
mum thickness, 2,000ieet

Crystalline dolomite, 700 to 1,000 feet 
B.isal <iuartzite, 700 to 1,000 t«et

The full succession given is not everywhere found in the Marquette 
district. This is due to the transgression of the Lower Huroniau sea 
from the northeast, aud to the fact that before the Archeau land was 
entirely overridden the Ajibik quartzite had begun to iorm. It there­ 
fore follows that the Kona dolomite, Wewe slate, and Ajibik quartzite, 
by overlapping, are each partly in contact with the Archeau and partly in 
contact with the underlying formation. The only important difference 
between the Marquette and Meuominee districts is that the slates and 
volcanics which occur in the Lower Menommee are not subdivided into 
formations, whereas iu the Marquette district these are divided into 
two slates separated by a quartzite.

The basal transgression horizon is always a quartzite-conglomerate, a 
quartzite, or a feldspathic quartxite. The conglomerate is of two types, 
depending upon the character of the underlying formation, which is 
here granitic and there schistose. Where metamorphism has been severe 
it passes into a conglomerate-schist, quartz-schist, mica-schist, or mica- 
gneiss. In the Marquette district this basal horizon must be subdi­ 
vided between the four formations from the Mesnard quartzile to the 
Ajibik quartzite. At many localities the basal conglomerate, composed 
of detritus of the Archeau, reposes discordantly upon the foliated edges 
of that system. In other localities the Archean and Lower Huroniau 
appear to grade into each other. A common foliation is the rule. The 
dolomite is so crystalline as to make the name marble appropriate. It 
frequently contains a considerable amount of chert and of detrital im­ 
purities. The iron-bearing formation contains all the ore bodies of the 
Lower Huroman of the two districts. It is almost wholly chemical or 
organic, being composed of siliceous siderite, heinatitic slate, cherts, jas­ 
pers, and gruiierite-magnetite-schists. These different varieties grade 
into one another both vertically and laterally. Intrusive in the Lower 
Huroman series of the south shore are very uumeious dikes and bosses 
of dionte (altered diabase), and in the Menommee district there are 
occasional dikes and bosses of granite. The extrusives, which cover a 
large area in the Menommee district, comprise a remarkable series of 
greenstones, greenstone-conglomerates, agglomerates, amygdaloids, and 
lesser quantities of acidic lavas.

1 Kelations ot the Lower Menommee and Lower M.irqu6tte Series oi Michigan (preliminary), by H 
L Smyth Am Jour Sci (3), Vol XLVII, 1894, pp 216-223.
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At Black River Falls., Wis., is a series of ferruginous schists  which 
is piobably the equivalent of the iron-bearing formation of the Menom- 
inee and Marquettc districts. Tn the Penokee district is a chcrty 
limestone which is supposed to he equivalent to the dolomite of the 
Maiqiiette and Menommee districts.

In the Kammistiquia and Vermilion districts, on the north shore of 
Lake Superior, quartzites, conglomerates, quartz-schists, graywackes, 
mica-slates, mica-schists, and all the varieties of the iron-bearing for­ 
mation are found. Also associated with these are very abundant vol­ 
canic rocks, both basic and acid aud extrusive and intinsive. As yet 
no general stratigraphical order for these various rocks can be given.

In the Lake of the Woods, Rainy Lake, and Hunters Island districts, 
the Lower Huionian rocks, called Keewatin by the Canadian geolo'- 
gists, consist of qnartzices, graywackes, slates, green schists, sencite- 
schists, and various basic and acid intrusive and extrusive volcanic 
rocks, the latter being in the forms of both flows aud tuft's. As yet no 
attempt has been made to place the formations in a definite strati- 
graphical order, although they have been separated 111 mapping into 
vanous lithological divisions. As described, perhaps the most charae- 
tenstic feature of these districts is great batholitic masses of gneissoid 
granite. These were long called Laureutiau, but clearly they muat be 
regarded as post-Lower Hnronian plutonic rocks. Another important 
ieatuie ot the districts is the great abundance of volcanics, both lavas 
and tuffs. These materials occupy large areas. The series are veiy 
generally affected by a strongly developed foliation, which is generally 
parallel to great intrusive masses of gneissoid granite. In some cases, 
also, the rocks have a parallel banding. These structures have been 
assumed to correspond with bedding, but of this no evidence has been, 
given, and it is probable that in most cases they are secondary and 
produced in connection with the intrusion of the granite. At various 
places conglomerates at the base of the Lower Huromau contain water- 
worn fragments of quartz and bowlders of granite. These weie regarded 
by Lawsou as indicating a prior period of erosion, and he says that at the 
inauguration of the period there was an abrupt change in the conditions 
of deposition.

In the Kaininistiquia, Vermilion, Lake of the Woods, Rainy Lake, 
and Hunters Island districts the Lower Hurouian rocks and those of 
the Basement Complex have very generally a foliation in a common 
direction, aud at many localities there are apparent gradations between 
the two. The relations between the Archean aud the Lower Huronian 
in these districts have been explained in thiee different ways: (1) Th& 
gneissoid granites called Archean have been regarded as intiusive in 
the Keewatiu; (2) the Archean has been regarded as conformable 
older sediments which are more metamorphosed than the Keewatin; 
(3) the occasional conglomerates at the base of the Keewatiu have 
been regarded as evidence of unconformity between the two, the coin- 
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mon foliation and apparent gradations for most localities being con­ 
sidered as secondary phenomena produced by dynamic action and 
consequent rnetainorphism. The intrusive granites are classified as 
Hurouian or post-Hiironian eruptives, as are other intrusives. Only 
those rocks are placed in the Archean which antedate the Hurouian.

^Northwest of Lake Superior the only area in which a definite order 
of formations has been made out is at Steep Bock Lake. Smyth gives 
the following ascending succession for this district- Conglomerate, 
maximum thickness 100 .feet; limestone, from 500 to 700 feet thick; 
ferruginous formation, probably volcanic ash, maximum thickness 600 
feet; mterbedded crystalline traps, maximum thickness 1,000 feet; 
calcareous green schist, about GOOfeet thick; upper conglomerate, maxi­ 
mum, thickness 100 feet; greenstones and greenstone-schists, thickness 
about 1,400 feet; agglomerate, thickness not given; and clay slate, 
thickness not given. The estimated thickness for the whole series is 
4,500 feet.

The Steep Rock Lake series rests with characteristic basal conglom­ 
erates upon the eroded edges of the Archeau rocks. The series has 
been subjected to two oiogemc movements. The first gave the series 
a inouoclmal structure with steep dips. The second was at right 
angles to the first, and folded this monocline into two synclmes and a 
connecting anticline, the axes of which have a pitch varying fiom 60° 
to vertical. The Basement Complex was affected by this folding, as 
shown l>y the plications of dikes. Accompanying the second folding 
regional cleavage was developed at right angles to the forces, and 
this is continuous from the Basement Complex into the Steep Hock 
Lake series. On account of the folding the relation of the cleavage to 
the contact hue varies from parallel to vertical. Accompanying the 
folding one major fault was formed. There was also an extensive 
development of autoclastic rocks, both within the Steep Ttock Lake 
scries and within the Basement Complex.

From the foregoing summary it is apparent that it is yet too early 
to determine whether any formations of the Lower Huroman can be 
followed over all the districts of the Lake Superior region. It is cer­ 
tain that some formations extend for considerable distances, but it is 
doubtful whether it will ever be possible to correlate the formations of 
the farther separated districts.

For along time the Lake Superior region had been an area of deposi­ 
tion. At the end of Lower Huroniau time the region was raised above 
the sea, folded, and subjected to erosion. The erogenic movements 
of this time were very severe, in places closely crumpling the rocks 
of the Lower Huronian. In other localities, away from the axes of 
great disturbance, the Lower Hurouian rocks were but gently tilted, as 
is shown by the small discordance in places between them and the 
succeeding series. In certain localities the areas of great disturbance 
are but a short distance from those of comparative quiet.

As soou as the Lake Superior region was raised above the sea it
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became an aiea of degradation. This period of the history of the Lake 
Superior region was a long one, as is shown by the great iuter-Huronian 
erosion. We do not know what Lower Huroniaii formations of a higher 
horizon than any now found were wholly removed by the degradatioual 
forces. The depth of erosion varies greatly. The entire Lower Huro- 
nian series was removed over wide areas, and also an unknown depth 
of the Basement Complex itself. At other localities, as lu the Penokee 
district, the only vestiges of the Lower Huroniau series are patches of 
dolomite, with a maximum thickness of 300 feet, all of the remaining 
formations being carried away. In the Marquette and Meuoininee dis­ 
tricts the erosion stopped over considerable areas within the iron- 
bearing formation, this being due to the resistant character of that 
rock. As has been stated, the Lower Huronuin has an estimated thick­ 
ness of about one mile, and hence the differential erosion amounts to 
at least 5,000 feet.

THE UPPER HTJKONIAN.

At the close of the long period of erosion which followed the Lower 
Huronian deposition the water once more advanced upon the Lake 
Superior region, and the Upper Hurouian series was deposited.

Lithologically this series consists of conglomerates, quartzites, gray- 
wackes, gray wacke-slates, shales, mica-slates, mica-schists, ferruginous 
slates, cherts, jaspers, ferruginous schists, and igneous rocks, including 
both lava flows and volcanic fragmentals, as well as basie and acid 
intrusives. The series, as a whole, is very much less crystalline than 
the Lower Huronian, although locally the shales and graywackes have 
been transformed into mica-schists, and even into gneisses.

The Upper Huronian immediately about Lake Superior m most dis­ 
tricts is divisible into three formations, a lower fragmental formation 
composed of slate, quartzite, and conglomerate, an iron-bearing forma­ 
tion, and an upper slate, the basis of separation being that of mechani­ 
cal and nonuiechanical detritus. The ceutral mass of the inferior 
formation is mainly a quartzose slate, but locally, and especially where 
thin and at upper horizons, it passes into a quartzite, while the basal 
horizon is frequently a quartzite or quartzite-couglomerate. The 
nature of this conglomerate varies greatly, depending upon the char­ 
acter of the underlying- formation, which in some areas is the Basement 
Complex and in others the Lower Hurouian. la the first case the 
slates may rest upon the gneissoid granite, upon the schists (tig. 144), 
or upon the junction of the two. The basal conglomerate corresponds 
in character, being a recomposed granite or grauite-coniglomerate, a 
recoinposed schist or schist-conglomerate, or, finally, a combination of 
the two.

Where the lowest member of the Upper Huronian rests upon the 
Lower Huroniau series the underlying formation may be any one of the 
formations of the Lower Huroniau. As a consequence the basal con­ 
glomerate may consist mainly of the fragments of any one of these 
formations, or of all of them together. £Tot infrequently detritus derived
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from the Basement Complex is mingled with that of Lower Hurouiaii 
origin. However, as a consequence of the resistant character of the 
jaspery iron-bearing formation of the Lower Huroman, and of mining 
operations, the discovered contacts are most frequently between the 
Upper Huroman and this iron-bearing formation. In the basal con­ 
glomerate or recomposed rock at these points the characteristic 
fragments are chert, jasper, and other ferruginous materials, and it is 
locally so rich in iron as to bear ore bodies. The uppermost horizon 
of the lower slate of the Upper Huroman in the Penokee district is a 
pure, persistent layer of quartzite. The central mass of the formation 
is a graywacke or graywacke-slate, passing in places into a shale or 
sandstone.

Above the lower slate is the iron-bearing member, consisting of vari­ 
ous ferruginous rocks, including cherts, jasper, magnetite-actinohte- 
sclnsts, iron ores, and ferruginous carbonates, in some places bearing 
glaucomte. It has been shown that all these varieties have been mainly 
derived, directly or indirectly, by transformation, from an original lean 
iron bearing carbonate, which was of chemical or organic origin, or a 
combination of both. Mingled with these nonmechanical sediments is 
a greater or less quantity of mechanical detritus.

Above the iron-bearing formation is the upper slate formation. This 
is composed mainly of shales, frequently carbonaceous or graphitic, 
slates, graywackes, and mica-schists, often garuetiferous and staurolitic. 
The mica-schists are usually toward the upper part of the formation. 
The stages of the transformation between the plainly clastic and the 
holocrystallme rocks have been somewhat fully made out.

The lower slate formation is of variable thickness, but is usually less 
than 1,000 teet. The iron-bearing formation is also of very variable 
thickness, its maximum being about the same as that of the lower slate. 
From its maximum thickness the formation varies to disappearance, 
the horizon being usually represented, however, by carbonaceous and 
ferruginous shales and slates. The upper slate formation includes the 
great mass of the Upper Huroman series. Its maximum thickness, 
including possibly interlainmated igneous rocks, is about 12,000 feet.

In some districts, as for instance the Marquette, the iron-bearing 
formation is unimportant, and can not be traced as a continuous hori­ 
zon. In such areas the Upper Hnroman, viewed in a large way, is a 
single great fragmental formation composed mostly of argillaceous 
rocks and their metamorphosed equivalents. Near the base of the 
Upper Hurouian. in parts of the Marquette district, is a magnetite- 
grunentc-schist, called the .Bijiki schist.

In certain areas during Upper Huronian time there was great vol­ 
canic activity, as a result of- which peculiar formations were piled up, 
wholly diiferent from any of the ordinary members of the series. Tins 
volcanic activity greatly disturbed the regular succession, so that for 
each of the volcanic districts aii independent succession exists, the 
sedimentary and volcanic formations being.intimately interlamiiiated.
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The two areas which aie best known sue the Marquette uon district 
and the east end of the Penokee district. In the Marquette uon dis­ 
trict is an extensive area of greenstones, greenstone-conglomerates, 
agglomerates, and surface lava flows, many of which are amygdaloidal. 
Between the tuffs and ordinary water-deposited sediments there are all 
gradations at many places. In the Penokee district the materials are 
almost identical. The ordinary succession for this district extends in 
unbioken order for 50 miles ov more, but east of Sunday Lake this is 
suddenly disturbed by the appearance of the volcauics. The character 
of the locks and their order soon become so different that if one were 
not able to trace the change iiom one area into the other there would 
be a great temptation to regard the part of the series bearing volcanics 
as earlier or later than the Penokee series pioper. But the continuity 
of the two can not be doubted. Thus the occurrence well illustrates 
that lithological character in pre-Cambrian time, as in post-Cambrian, is 
no certain guide as to relative age. Finally, associated with the Lake 
Superior Upper Huronian rocks are many later intrusive dikes and 
mterbedded sills, chiefly diabases, gabbros, and cliontes; but local 
granitic intrusives also occur, particularly in the Crystal Falls district, 
and possibly also 111 the Meuommee district.

The type area of the Upper Huronmu is the Penokee district. Here 
the fullest succession is found under the most favorable circumstances. 
It consists of a quartz slate formation, an iron-bearing formation, and 
an upper slate formation. The quartz-slate has an average thickness 
of about 500 feet. The central part of the formation is a mica-slate. 
At its base is a horizon of conglomerate, and at its top is a persistent 
layer of quartzite about 50 feet thick. The iron-bearing formation has 
an average thickness of 800 feet. It consists of cherty iron carbonate, 
ferruginous slates and cherts, and actinohtic and inagnetinc slates. 
Within this the iron-ore bodies are found. The upper slate formation 
has a maximum thickness of about 12,000 feet. It varies m character 
from clay-slate through graywacke and graywacke-slate to mica-slate. 
The Penokee series is intruded by diabase, which occuis both as 
cutting dikes and as mterbedded sheets. Therefore a considerable por­ 
tion of the thickness of 13,300 ieet above given may be composed of these 
intrusive rocks.

The other districts in which the Upper Huronian series can be best 
studied are the Marquette, Mesabi, and Annnikie. Eemote from the 
Lake Superior region proper the rock series which are below correlated 
with the Upper Huronian have not the same successions of formations 
as in these districts. The Upper Huronian north of Lake Huron has a 
set of formations which can not be sepaiately correlated with the 
formations above given; the same is true of other series which are 
placed in the Upper Huronian. The position of these latter as a part 
of the Upper Huronian must not be considered as finally determined, 
but rather as representing the probability from the weight of evi­ 
dence at the present time. It can not be expected that in a great
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geological basin the same subordinate succession of formations will be 
everywhere found.

With the Upper Huronian rocks of the Wisconsin Biver valley and 
the Baraboo district are various quartz-porphyries and porphyry-tuffs. 
Between these districts, surrounded by Paleozoic rocks, Are areas of 
similar porphyiies and porphyry-tuffs which are doubtless of the same 
age. Intimately associated with these rocks are microgranites and 
granites. The microgramte of Berlin has a well-developed cleavage in 
one direction, and a rift at right angles to the cleavage. The cleavage 
is due to the parallel arrangement of innumerable minute flakes of mica 
and crystals of hornblende. The plienocrysts of feldspar are greatly 
flattened in the plane of cleavage, and are fractured diagonally to the 
cleavage. In some cases there are two sets of diagonal fractures about 
at right angles to each other, aud at 45° to the cleavage. Many of the 
fractures have been healed by secondary infiltrations. lu the case of 
this microgranite, it appears that the cleavage developed normal to the 
pressure, and that the fractures occurred at the same time in the por- 
phyntic feldspar crystals in. the shearing planes.

So far as one can judge from present knowledge, the Upper Huro- 
iiian is the most widespread of the Lake Superior pre-Oambrian sedi­ 
mentary series. The great region including the various districts 
extends from the Sioux quartzites of Dakota on the southwest to the 
Huronian rocks north of Lake Huron on the east, and thence far to 
the north, and from Lake Huron to the Ammikie series of the national 
boundary west of Lake Superior. Within this area are included, 
in addition to the districts mentioned in this paragraph, the major 
portion of the large area of Huronian rocks in the upper peninsula 
of Michigan, the eastern arms of which are the Menommee, Felch 
Mountain, aud Marquette iron-bearing districts; the Wisconsin valley 
series; the greater part of the Peuokee-Gogebio iron-bearing series of 
Michigan and "Wisconsin; the Chippewa and Baraboo quartzites of 
Wisconsin; the St. Louis slates of Minnesota; and the newly developed 
Mesabi range of Minnesota. That most and perhaps all of these areas 
were once connected there can be no reasonable doubt.

The broad semicircular zone of Upper Huronian rocks extending 
from the national boundary west of Lake Superior through Ontario, 
Minnesota, Michigan, and Wisconsin to the north channel of Lake 
Huron, and thence nor,th to the east side of James Bay, suggests that 
the transgression of the sea was from the south and east, and that "the 
source of the mechanical detritus is the great expanse of so-called Lau- 
rentian rocks ^yest of Hudson Bay and north of Lake Superior. How 
far the sea transgressed over this area, and whether it also advanced 
toward it from the north and west, is unknown. It is probable that as 
the sea advanced from the south the great mass of fragmental detritus 
making up the Baraboo and Sioux quartzites was laid down before the 
sea had transgressed to what is now the north shore of Lake Superior, 
and thus would be explained the difference in the character of the
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formations of the Sioux quartzites, Baraboo quartzites, etc., and those 
of the Upper Huroman rocks adjacent to Lake Superior.

In this case the advancing ocean was perhaps making its progress by 
laud and sea erosion, quite us much as by subsidence. However, there is 
reason to believe that the whole of the area included within the west 
end of the Lake Superior "basin, i. e., from the Animikie district to the 
Mesabi range, and thence to the Penokee district, was submerged prac­ 
tically at the same time. For here we have three great formations of 
like character in identical order. The lowest formation, the quartzite 
and quartz slate, with conglomerates derived from the Basement Com­ 
plex and the Lower Huroman, is the first deposit of the advancing sea. 
After this came a deepening of the water, when the calcareous and 
ferruginous formation, now constituting the iron-tearing member, was 
laid down. Then, perhaps as a consequence of the upbuilding of this 
formation, came a shallowing of the water and the deposition of the 
great thickness of clayey sediments of the Upper Huroman. As the 
last formation must have been deposited in shallow water, and yet is 
of great thickness, the bed of the ocean was probably sudsiding during 
the remainder of Upper Huromau time.

At the end of the deposition of the Upper Huroman rocks the Lake 
Superior region rose above the sea, and the atmospheric forces once 
more set to work. The orogenic movements following the Uppei Huro­ 
man, like those following the Lower Huroman, were locally intense, 
but in general the folding was of a gentle character. In certain areas, 
and some of them of considerable size, the plications were so severe as 
to give the Upper Huroman rocks a foliated structure aud a completely 
crystalline, schistose, or gneissic character; but for much larger areas 
the changes in the Upper Huroman rocks are mainly those of cemen­ 
tation, metasomatism, and consolidation, although mashing played a 
subordinate part. As in the ease of the Lower Hurouian, the areas of 
intense plication are in places but short distances from those in which 
the rocks have teen merely tilted.

How deep the Upper Huroman denudation went it is impossible to 
say. We know only that at a maximum the Upper Huronian rocks are 
now 13,000 feet thick, and in certain other places are entirely absent, the 
higher members disappearing first and the lower members last. Thus 
the difference of the Upper Huroman denudation is measured by 13,000 
feet. To this must be added the unknown thickness of the Upper Huro­ 
nian rocks which have been wholly swept away, and the thickness of the 
Lower Huronian and Basement Complex which were cut at this time. 
The thickness represented by these three elements is unknown, but it 
is probably great.

Of the outer limits of the Upper Huronian transgression we are as 
ignorant as of the preceding ones, but it is certain that it extended to 
the outer areas mentioned as belonging to this series. Beyond these 
limits no knowledge is available. The original extent of the Upper 
Huronian to the east, south, and west will probably never be deter-
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mined, since the ancient rocks are covered by the Cambrian and post- 
Cambrian sediments. Whether the transgression extended over the 
Great Northern Area of Canada to the Paleozoic deposits will doubtless 
be ascertained when this vast region is studied in detail.

ALTERATION O>' LOWER IIURONIAN AND UPPER UURONIAW.

Tt is impossible to discriminate the effects of the mter-Huroiuan 
orogenic movements from the post-Huroman erogenic movements; 
theiefore onl^ their total effect upon the Huronian series cati be given.

The processes of deformation resulted in the folding of the series, in 
fracturing them over extensive areas, in the production of secondary 
structures, and in the metainorphism of the beds. In all of the districts 
the folding of both the Upper and Lower LTuioniau is of a complex type. 
Great complexity is illustrated in the Marquette, Menominee, Vermilion, 
Kaministiquia, Steep Eock Lake, and probably other districts. The 
character of the folding in the more complex areas has not been worked 
out in detail except in the Marquette and Steep Rock Lake districts. 
Maior faults are not conspicuous, although faulting in a minute way 
within the beds may be everywhere found.

The Lower and Upper Marquette series may be taken as illustrative 
of deformation by combined flowage and fracture. While the beds as 
a whole are folded without- major displacement, all of the brittle forma­ 
tions, such as the alteration phases of the sandstone, limestone, and iron- 
bearing formation, are shattered through and through, so that a hand 
specimen can hardly be obtained which does not show complex fractur­ 
ing. When the microscope is applied to the material it is further found 
that movement has occurred throughout the rock, not a single sec­ 
tion among hundreds being found which does not show rearrangement. 
The argillaceous beds, on the other hand, were extensively deformed 
without fracturing. Accompanying the deformation, cleavage and 
lissility were widely developed. A schistose structure was also devel­ 
oped m the Archeau. As a consequence at many places the Upper 
Huronian, Lower Hmonian, and Archean have a common foliation. In 
the closely folded districts the same forces which produced secondary 
structures also partly or wholly destroyed the original bedding. 
Wheie evidence of original bedding is still found this may or may not 
accord with the secondary structures.

The deformation further resulted in extensive metaniorphism of the 
Huronian rocks. The argillaceous beds were transformed into slates, 
mica-schists, often garnetifcrous and staiirolitic, or mica-gneisses; the 
sandstones into quartzites and quartz-schists; the limestones into eherty 
dolomites or marbles; the eherty iron carbonates into the various rocks 
of the iron-bearing formation; and the volcanics into chlontic, biotitic, 
and hornbleudic schists. In the alteration of the iron-bearing carbon­ 
ates, largely by metasomatic processes, the original bedding is in most 
places emphasized. The piocesses concerned in this metainorphism 
were ordinanlyconsolidation,cementation, metasomatism, and mashing.
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In certain districts the process was greatly promoted by the mtiusive 
igneous rocks, many of winch are doubtless of Kexveenaxvan age. In 
connection with granitic intrusion at certain places theie is extensive 
peginatization of the beds. In the Michigamme slate of the Upper 
Huroman in the Marqtiette district this pegmatizatiou has, however, 
occurred as a result of extreme dynamic uietamorphism independently 
of any igneous intrusion.

The coutaot hoiizou between the Arcbean and the Lower Huronlau 
and that between the Lower Huroman and the Upper Hurouian were 
naturally plants of accommodation, and at these planes particularly 
schistosity in the unconformable series developed At the contact 
horizon between the Lower Huroniau and the Archeau, where basal con­ 
glomerates existed, they have been largely transformed to schist-con­ 
glomerates or crystalline schists showing no trace of a conglomeratic 
character. These modifications of original relations make it difficult 
at many localities, or even in entire districts, to detect the structural 
break between the Arcliean and Lower Huronian. While this is the 
case, it oftens happens in favorable places, and 111 almost every dis­ 
trict at some locality, that the dynamic uietamorphism was not so 
great, and therefore basal conglomerates may there be found resting 
upon the truncated edges of the Archeau. The Upper Hurouian has 
been so slightly folded over large areas, or for entire districts, that the 
unconformity between it and the Archeau or the Lower Huronian is 
most glaring. However, m the districts of gicutest plication, like the 
Marquette, Menommee, Felch Mountain, aud Kaministiquia, the fold­ 
ing was so intense as to bring the bedding of the two series into approx­ 
imate harmony, to develop conformable secondary structures, and partly 
to obliterate conglomerates. Consequently this unconformity was not 
discovered for many years. A close study in recent years, however, 
has shown that basal conglomerates may be found at hundreds of 
localities between the Upper Huronian and the Lower Huronian. 
These are particularly abundant when the contact is above the iron- 
bearing formation of the Lower Huroman.

In general the Lower Huroman is more crystalline than the Upper 
Huronian, because subjected to one or more periods of deformation and 
of igneous intrusion more than the newer series. While tins is true as 
a general statement, for certain areas the mtei-Huroniau orogeuic 
movements were so slight as to render it probable that the lower series 
was not strongly metamorphosed, although it was doubtless consoli­ 
dated and cemented, aud metasomatic alterations probably occurred. 
In districts in which the post-Upper Hnromau deformation was severe 
this series is scarcely less crystalline than the Lower Huroiiiau. How­ 
ever, for the great areas of Upper Huroman the folding is gentle, aud 
consequently the rocks show mainly the effects of the processes of con­ 
solidation, metasomatism, and cementation, rather than those of mash­ 
ing and pegmatizatiou. The Lower Huronian in general may be said to 
consist mainly of crystalline schists and sernicrystallme schists, and the



794 PRINCIPLES OF NORTH AMERICAN PRE-CAMBRIAN GEOLOGY,

Upper Huroman consists mainly of semicrystallmc schists and rocks 
which are merely consolidated and cemented, but in some cases crystal­ 
line schists occui.

THE KKWKJiNAWAN.

Again a change »t couditions occurred, and enormous masses of 
igneous rocks appealed. After a time a part at least of the region 
sank below the sea, since sandstones and conglomerates are intcrstrati- 
fied with the lavas. In some places the basement lavas are thus inter- 
bedded with these elastics, but by the time the lavas reached such 
parts ot the region, in other parts great thicknesses of igneous rocks 
may have been piled up.

The Keweenawan locks border nearly the entire area of the Lake Supe­ 
rior basin. They appear on the east shore of Lake Superior, cover a 
large area on Keweenaw Point, in northern Wisconsin, and in eastern 
and northeastern Minnesota, and a great area about Lake Nipigon.

The Keweenaw series is composed lithologically of gabbros, diabases, 
porphyntes, amygdaloids, felsites, quartz-porphyries, etc., and of sand­ 
stones and conglomerates. Many of the basic and acid rocks con­ 
stituting much, of the scries are surface flows. The diabase flows fre­ 
quently pass in their upper parts into porphyntes and amygdaloids. 
Many flows are porphyritic 01 auiygdaloidal throughout. The beds of 
quartz-porphyry and felsite are abundant in certain districts, but 
usually have no great lateral extent While a single basic or acid flow 
may be traced but a little way, Irequently a set of flows of the same 
general character may have a great extent and thickness. But even 
the sets of flows can not be regarded as general formations for the 
whole of the Lake Superior basin. No tuft's have as yet been found.

Since the number and thickness of the volcanic beds as well as the 
detritals vary greatly, the Keweenaw series as a whole is widely variable 
in character and thickness in different districts. From the base up the 
Keweenawan maybe separated into three great divisions: (1) Basal 
gabbro, (2) interstratifled lavas and clastic rocks, and (3) elastics.

(1) The great basal gabbro occupies a broad belt 111 northeastern 
Minnesota, running from Duluth to the boundary between the United 
States and Canada, and having a width for much of the way of from 
20 to 25 miles. This basal gabbro also covers a broad area in northern 
Wisconsin. The rock has everywhere a typical granitic structure. It 
includes lithologically very magnetitic gabbro, olivine-gabbro, normal 
gabbro, and masses of basic feldspar or anorthosite. The relations of 
these varieties to one another have not yet been determined. Much 
of the gabbro has a laminated arrangement of the mineral particles, 
and corresponding with this arrangement the rock has a bedded or 
sheeted appearance, but whether these structures were produced by the 
flowing out of great beds at the surface or by the cooling of a deep- 
seated igneous mass has not yet been determined.

(2) The second division of the Keweenawan consists of all of the varie­ 
ties of lava of the series, and interstratifled sandstones and eonglomer-
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ates, the material of which was almost wholly derived from the neigh­ 
boring lava flows. In the lower part of the division numerous volcanic 
flows are usually found, with few or no detntal beds. In passing towaid 
the middle of the division, the sandstones and conglomerates become 
more and more numerous and of greater thickness. A given detntal 
bed may vary from a mere seam of narrow local extent to thick beds of 
sandstone and conglomerate, one of which has been traced by Mar vine 
for more than 100 miles. Still higher the sandstones and conglomerates 
become predominant, and finally the volcanic products disappear.

(3) The third division is composed wholly of sandstone and conglom­ 
erates, derived very largely from the erosion of the lower divisions.

Where the lavas of the middle division approach the basal gabbro 
they terminate against it diagonally, giving the appearance of an 
unconformity. From present knowledge the phenomena might be 
explained by regarding the great basal mass of gabbro as an intrusive 
which entered between the middle division of the Keweeuawan and the 
Upper Huroman, or it might be regarded as a post-Huroman extrusive 
of such vast thickness as to have a gabbro structure. In the latter 
case the outer part was removed by erosion before the formation of 
the middle division of the series.

The Keweenawan is the thickest of the series about Lake Superior, 
its maximum being estimated by Irvmg at the Montreal River to be 
50,000 feet. From this thickness it varies to nothing. This vast quan­ 
tity of material does not, however, of necessity marks a period longer 
than, or perhaps even one as long as, the Lower Huroman or Upper 
Huroniau, for the greater part of it is of igneous origin. The lava flows 
in their extent and thickness are to be compaied with the great vol­ 
canic plateaus of the far West rather than with local volcanoes, such as 
Vesuvius, or the local volcanoes of the Upper Huroman and Lower 
Huroman. ]STo volcanic fragmental material associated with the lavas 
has as yet been discovered.

The fact that erosion was contemporaneous with eruption for much 
of Keweenawan time is to be noted. Certainly when the period was 
well inaugurated much of the Lake Superior basin was frequently, if 
not normally, below the sea or near tide-water. Many of the eruptions 
may have beeu subaqueous. Here and there volcanic masses of such 
magnitude were built up as to rise above the water, and upon such 
areas the sea at the base and the air and rain above immediately began 
their course of destruction. The acid and more viscous lavas may 
have formed the more prominent elevations, and thus the attack was 
here more vigorous. This may partly explain the predominance of the 
acid pebbles lu the conglomerates.

This great volcanic period was doubtless one of unstable equilibrium, 
the lithosphere falling here and rising there. The final resultant of 
all the movements was the production of the Lake .Superior synclme. 
This synclinal movement affects not only the Keweenawan rocks but 
the lower series, and in areas in which the unconformity between the
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Upper Huroniaii and the Keweenawan is not great there is such a like­ 
ness in strike and dip of the two series as to suggest at first that the two 
are conformable. It is only as the contacts between them are followed 
for some distance, and the Keweenawan is seen to be now in contact 
with one member of'the Upper Huroniaii and now with another, that it 
is perceived that between the two there is an unconformity.

What proportion of the Keweenawan had accumulated before the 
Lake Superior synclme began to form it is impossible to say. Possibly 
the larger foci from which the great extrusions of lava occurred were in 
the area now covered by water. Probably sinking went on at the same 
time as volcanic action, such as is common as a result of the upbuilding 
of mountainous masses of volcanic material. This suggestion, if true, 
would partly explain the apparent absence of volcanic fragmental mate­ 
rial, which naturally would accumulate near the foci.

Nowhere are the Keweenawan rocks so closely folded as to give them a 
secondary structure or a much altered chaiacter. Their induration is 
almost wholly a process of cementation. The diabases, gabbros, and 
diorites so extensively intruded within the Lower Huroiiian and Upper 
Huroniaii rocks are, in part at least, in all probability, of Keweenawan 
age, but this is difficult to prove.

THE CAMBKIAN.

At the close of the Keweenawan deposition the Lake Superior region 
was again raised above the sea, audthepre-Cambrian erosion continued 
until the enormous thickness of Keweeuawan and Huroniaii deposits 
was wholly truncated. What must have been mighty mountains were 
reduced to mere stumps. Following this denudation the sea once more 
ti ansgres&ed upon the land, and the horizontal Lake Superior sandstone 
was deposited. It now occupies many of the bays about Lake Superior. 
It once was much thicker, and perhaps covered the highest points of 
land. Certainly it or an overlying formation once was at least 1,000 
feet higher than the level of Lake Superior, but these higher deposits 
have since been almost completely removed, so that they occur only m 
patches withiu the depressions of the older locks.

Since Cambrian time no important orogeuic movements or outbursts 
of volcanic material have occurred in the Lake Superior region; conse­ 
quently the rocks have received little subsequent alteration. To these 
facts is due the possibility of outlining the pre-Cainbriau history of this 
area with greater fullness than has been done in areas in which later 
disturbances have obscured the early history.

CORRELATION

In the foregoing discussion the two lower clastic series above the 
Archeaii have been called the Lower Huroman and Upper Hurouiau. 
In both the Lake Superior region and the Original Huroniau district 
we have a Basement Complex of identical character, and uuconform- 
ably above this Basement Complex and uncouformably below the 
Keweenawan we have two unconforinable clastic series. The corre-
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PLATE CXIV. Jaspihte.

FiG 1. Folded jaspilite, fioinJaspei Bluff, Ishpeining The illustration beautifully 
shows the secondary infiltration ot iron oxide and deformation by combined frac­ 
ture and flow By close observation non oxide of three different ages maybe seen 
The oldest 19 the dark-giay hematite Intel seating this is a more brilliant, steel- 
gray hematite and magnetite, and cutting both of the foimer are other veins of 
brilliant hematite anrl magnetite The histoiy of the lock seems to be, buefly, as 
follows Banded hematite and jasper were bent by folding, probably while the 
rook was deep seated. During this folding the hematite was mas>hecl and foliated. 
In ji later stage, when the took wns more rapidly deformed near the surface, fiac- 
tiinng occmrod This gave the conditions for the nis>t infiltration ot 11011 oxirle, 
and later, when the rook was perhaps still nearer the surface, fuither deformation 
icsulted in new fractures. Finally the crevices thus formed were filled with the 
latest iron oxide.

FIG. 2 Brccciated jaspilite, fiom Jasper Bluff, Fshpeming The illustration gives 
evidence of the same history as shown by fig 1 However, during th« final piooesg 
the layers of jasper, which were bent at the earlier stage, wcie broken through 
and through, producing a breccia The same evidences are seen of three stages 
of lion oxide as in fig 1 The less brilliant gray is the eailiest mashed hematite; 
the intermediate giay represents a fiist infiltration Aftei this there was shat­ 
tering, and finally the breccia was cemented by brilliant, steel-giav hematite and 
magnetite 
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Fig. 1. Kg. a.

OASPILITE FROM NEGAUNEE FORMATION OF LOWER MARQUETTE SERIES.
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spending formations of each of these seiies are not the same in all 
districts; but this could not be expected in a geological province so 
great as the one here considered. However, considering that we have . 
in various parts of the Lake Superior'region and on the north shore, 
of Lake Huron the same number of clastic series, having the same 
uucouforinable relations with the Basement Complex below and the 
Cambrian above, it seems highly probable that the corresponding series 
are of equivalent age. If this be true, after the deep erosion of the 
Basement Complex a great region was three times overridden by the 
sea, subjected to epeirogenic and orogemc movements, and three times 
deeply eroded, before the great Cambrian transgression. While no gen­ 
eral correlation of formations within the Lower Huroniaii can be made 
for the entire Lake Superior region, in districts which are comparatively 
close together, as the Marquette and Menommee districts, the forma­ 
tions composing the series can be equated with a reasonable degree of 
certainty. In the Upper Hurouian of the Penokee, Mesabi, and Aniin- 
ikie districts there are the same number of formations, of like char­ 
acter and 111 like order, and these can be regarded with a high degree 
of probability as of the same age and as once continuous.

PRINCIPLES ILLUSTRATED

All, or nearly all, of the principles discussed in Part I are well illus­ 
trated in various parts of the Lake Superior region. Indeed, it was 
by means of a study of this region and of the Appalachian region that 
these principles have been most largely formulated Therefore, an 
attempt to discuss fully the illustration of each principle would greatly 
expand this paper. It seems advisable, however, to mention some 
of the localities where various important principles are well exem­ 
plified.

In many parts of the Basement Complex and in some of the Huronian 
districts, the material yielded to the orogeuic forces without peiceptible 
fracture, andm these areas all the phenomena of folding without crevic- 
ing may be seen. The Huronian rocks during their deformation were 
very largely in the lower part of the zone of combined fracture and 
flowage. It follows that while major faults are not common, they do 
occasionally occur. Two are known in the Peuokee district, one in the 
Marqnette, and one in the Steep Rock Lake district. While the mate­ 
rial in a large way obeyed the law of ttowage, and was therefore folded, 
in a minor way many of the beds were in the zone of fracture. (PI. 
CXIV, fig. 1.) The gieat beds of mud, which were the thickest forma­ 
tions of the Huronian, were deformed for the most part with little frac­ 
turing. On the other hand, the beds of sandstone, dolomite, and cherty 
iron carbonate and alteration forms were fractured through and through, 
and recemented (fig. 145), and in many areas autoclastic rocks devel­ 
oped. (PI CXIV,flg. 2.) The widespread fracturing of these formations 
is perhaps best illustrated in the Lower Hurouian of the Marquette 
aud Steep Rock Lake districts.
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In all of the series and districts the folding is complex. The com­ 
plexity increases in passing downward from newer to older series. 
The great east-west Keweenawan synclinorinm has important but gen­ 
tle cross folds. The Upper Huronian of the Penokee, Mesabi, and

Animikie districts is almost 
as simply folded. The folding 
of the Lower Huron ian rocks 
is exceedingly complex, and 
in some districts the Upper 
Huronian rocks are included 
in the complex deformation. 
In these districts the char­ 
acter of the folding has been 
worked oat only in the Mar­ 
quette and Steep Eock Lake 
areas. In the first the chief 
longitudinal fold is an abnor­ 
mal upright syncliuorium, the 
abnormal character of the fold­ 
ing being due to the unequal 
rigi dity and the consequent dif­ 
ferential movements between 

the Archeau and the Lower Huroniau (fig. 140). The transverse folding 
is also severe, so as to give steep dips in places. A map of the outcrops 
of theforinationsiutlie more closely crumpled areas is extremely complex 
(fig. 147). The folds are often overturned (fig. 148). In the Steep Eock 
Lake district, as shown-by Smyth, the Lower Huronian was first bent 
into a steep monocline, which was subsequently closely buckled by

Fio. 145. Shnttered slate cemented by vein quartz in 
Wewe slate of Lower Marquette series.

\ \\J J Q^jj!^^ j\ "'j QV^Xj'- __2.\

ESI
GRANITE AJIBIK GUARTZITE, SIAMO SLATE NEGALNEE FORMATION ISHPEMIN5 OUAPTZTTE MICHIGAMME SLATE

FIG. 146. Part of abnormal synclinorium of Marquette district.

transverse forces. In many of the other districts, while as yet the 
character of the folding has not been worked out, it is certain that it 
is even more complex than in the Marquette and Steep Eock Lake 
areas. The anticlinoria and synclinoria in all of the complex districts 
are of a very composite type, having folds of a higher order superim­ 
posed on those of the next lower order up to microscopical plications.

Cleavage or fissility almost everywhere affects the Archean and the 
Lower Huronian rocks, and in some districts, as for instance in the
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SCHIST-CONGLOMERATE FROM FELCH MOUNTAIN DISTRICT.
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Marquette and Menominee districts, is fully developed in the Upper 
Huronian rocks. Cleavage often occurs in a soft layer and is absent in 
a harder one (tig. 149). All the different varieties of cross and parallel 
cleavage and fissility are exhibited, and all combinations of them. In 
the Baraboo quartzites, and especially 
at the Upper Narrows of the Baraboo 
River, fissility in shearing planes, 
diagonal stretching explained (pp. 
651-655) as due to the unequal move­ 
ment of the opposite sides of beds, 
and the relations of the same, are 
beautifully illustrated (figs. 150,151. 
and 152).

In the Felch Mountain conglomer­ 
atic gneiss, mentioned below, the 
flattened pebbles in all stages of def­ 
ormation and the schistosity are in 
perfect accordance, showing that the 
secondary structure developed nor­ 
mal to the pressure (PI. CXV). 
Northwest of Lake Superior the pe­ 
ripheral cleavage, everywhere parallel 
to the intrusivebatholites in each case, 
gives further fine illustrations of the 
development of a secondary structure 
normal to the pressure. The cleav­ 
age of the Berlin (Wisconsin) micro- 
granite (see p. 789) is a beautiful illustration of the development of 
cleavage normal to the pressure in the case of an igneous rock. The 
fibrous structure found in the green schists of the Archean gives an 
illustration of a rock deformed where two of the principal stresses were 
nearly equal and the third less than these two (see p. 641).

10'

Fio. 147. Map of outcrop of Wewe slate of 
Lower Marquette Beriee southeast of Goose 
Lake.

FIG. 148. Minor overturned folds in the Siamo slate of the Lower Marquette series.

Some of the phases of the metamorphism of both the sedimentary
and the igneous rocks are as follows: The rocks have everywhere been
consolidated or welded. In many areas the sandstones have beeu
cemented to quartzites, and in some cases in the Keweenawan the

16 GEOL, PT 1  51
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arkoses have been cemented by the growth of both quartz and feld­ 
spar. Certain of the volcanic tuff's, as at Kekekabik and Ogiski lakes, 
show also enlargement of hornblende. Metasomatic processes have 
everywhere affected the argillaceous, calcareous, and ferruginous rocks. 
Wherever cleavage and fissility occur, there the rocks have also 
been mashed, and slates or schists have been developed. Large por- 
phyritic minerals, such as garnet, staurolite, chlorite, and chloritoid, 
have an expensive development, especially in the Upper Huronian 
mica-schists. In numerous localities the chlorite and chloritoid occur 
in crystals, the cleavage of which is at right angles to the cleavage 
of the rock, and this gives evidence of their development under static 
conditions after movement had ceased. Siliciflcation has profoundly

Tie. 149. Cleavage in slate between two dolomite beds which do not show cleavage, ia Kona dolomite
of Lower Marquette series.

transformed the iron-bearing formations and the limestones. In the 
Felch Mountain district there are regularly banded mica-gneisses which 
can not be discriminated in the hand specimens from gneisses derived 
from a mashed granite. However, in the field they are traced step by 
step, both laterally and vertically, back to places where they become 
very distinctly a conglomeratic gneiss, bearing granite, quartz, chert, 
and other pebbles. In the closely folded mica-schist south of Michi- 
gamme Lake pegmatite veins in minute stringers occur, and a good 
deal of feldspar is found in the rock, so that it is now a veined mica- 
gneiss. As extraneous granitic injections have nowhere been discov­ 
ered in the Marquette district, apparently the pegmatization was due 
to extreme dynamic metamorphism. In the Felch Mountain area of
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the Menomiiiee district granite dikes occur in the Algonkiau. In north­ 
eastern Minnesota and in Canada northwest of Lake Superior intrusive 
granites are found on a great scale, and the pseudo-conglomerates of 
intrusion are known at many places.

As a result of the alterations in the Lake Superior region, nearly 
every variety of metamorphic sedimentary and metamorphic igneous

FIG. 150. Diagonal fissility of quartzite beds of the north range of Baraboo. Looking west.

rock mentioned in the discussion of principles is found at numerous 
localities.

All varieties of bedding and all degrees of obliteration of bedding 
are illustrated.

Basal conglomerates occur at various widely separated places in the 
Lake Superior region at four different horizons. /The basal conglom­ 
erates at the lower horizons show all gradations of the process of oblit­ 
eration.
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As proofs of unconformity, all of the phenomena given as evidence of 
physical breaks (pp. 724-729) have been found at the four great uncon­ 
formities existing in the region. Also in the Lower Huronian formations 
are found nearly all of the phenomena which might lead one to falsely 
infer unconformity. As one kind may be mentioned the dolomite of 
the Marquette district, the folds of which are truncated by dynamic 
action, the eroded edges being overlain by an autoclastic rock (fig. 153).

FIG. 151. Details of one layer of fig. 150 having diagonal fissility. Looking west.

As the phenomena upon which the belief in unconformity is based are 
somewhat different at different horizons, each case may be mentioned 
separately. The statement that an unconformity exists between the 
Archeau and the Lower Huronian is based upon: (1) the completely 
crystalline character of the former and the semicrystalline character of 
the latter; (2) the intricate folding of the former as compared with the 
latter; (3) the discordance of the foliation of the Basement Complex with
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the bedding of the Lower Huronian ; (4) tlie presence in certain districts 
of abundant granitic intrnsives in the Archean which nowhere pene­ 
trate the Lower Huronian; and (5) actual contacts at many places, 
basal conglomerates of the Lower Huronian being found to rest upon

FIG. 152. Diagonal fissility of quartzite beds of the north range of Tiaraboo. Looking east.

the foliated and truncated edges of the Archean and being composed 
wholly of detritus derived from it. All of these phenomena are found 
in some districts north and south of Lake Superior, but in some of the 
districts a part only have as yet been detected. As to the time repre­ 
sented by this unconformity, we have no definite knowledge, but it must
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have been great, since, whatever the origin of the rocks of the Archean, 
they were intricately folded, metamorphosed, intruded by various erup- 
tives, and deeply truncated, before the Lower Huronian was deposited. 

The unconformity between the Lower Huronian and the Upper Huro­ 
nian is based upon the less crystalline character of the Upper Huronian 
as compared with the Lower Huronian, upon the very numerous contacts 
between the two, where discordance of bedding and basal conglomerates 
are found, and in some districts upon general field relations. The degree 
of crystallization would have but little weight alone, and it can be applied 
only in a broad way, for in certain areas in which the folding was intri­ 
cate the Upper Huronian is more crystalline than is the Lower Huronian 
in other areas, so that in comparing the crystalline character of one with 
the other it must be in each case for the same locality. The contacts 
between the Upper Huronian and the Lower Huronian are found in 
scores of places. In some cases the formation below the Upper Huronian 
is a conglomerate, quartzite, quartz-schist, mica-slate, or mica-schist; in 
others a cherty limestone; in others the iron-bearing formation; and in

FIG. 153. Chert-breccia, an autoclastic rock, resting upon truncated minor folds of limestone.

others the igneous rocks of the Lower Huronian. In other words, the 
inter-Huronian erosion cut to different depths, so that the basement 
formation of the Upper Huronian rests now npon one member of the 
Lower Huronian, now upon another. The most numerous contacts are 
between the Upper Huronian and the iron-bearing formation of the 
Lower Huronian. The predominant detritus of the basal conglomer­ 
ate depends, of course, upon the formation with which it is in contact. 
The amount of discordance in bedding depends upon the closeness of 
the inter-Huronian folding. In some places the folding was so acute 
that the bands of jasper were plicated, and in this case the Upper 
Huronian beds cut those of the underlying jasper at any angle. The 
discrepancy varies from acute unconformity to but a slight discordance. 
The unconformity in the last case is discoverable only by the irregular 
erosion contacts and the basal conglomerate, rather than by discrep­ 
ancy of strike and dip between the two series. In certain districts 
where the Lower Huronian is closely folded and the Upper Huronian 
gently folded, the. field relations render the unconformity manifest. 
Where the Lower Huronian is entirely removed the Upper Huronian
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rests directly upon the Basement Complex or Archean (fig. 144). These 
series usually present glaring evidence of unconformity, nearly all the 
lines of proof beiug available in each district.

The unconformity between the Upper Huronian and the Keweenawan 
is based upon (1) broad field relations and (2) contacts. The folding 
of the Upper Huronian, while on a large scale, was, in the greater 
part of the region, in broad and simple rolls, so that while simple anti­ 
clinal mountains were raised and erosion removed a part or all of the 
Upper and Lower Huronian series, the formations of the Keweenawan 
were deposited with but little discrepancy in strike and dip. The 
discordance between the two was discovered by the fact that the basal 
parts of the Keweeuawan in the same district here rest upon a high 
member of the Upper Huronian, there upon a low one, in other localities 
upon members of the Lower Huronian, and, finally, in other localities 
upon the various rocks of the Archean. This could occur only by the 
nondeposition of the higher members of the Huronian, or else by their 
removal between the time of the deposition of the Upper Huronian and 
Keweenawan time, and the latter is by far the more probable. This 
probability is made a certainty by the fact that at some localities ero­ 
sion contacts are found between the two series.

The unconformity between the Keeweenawan and the Cambrian is 
based upon (1) general field relations, (2) difference in number of 
erogenic movements, (3) discordance of bedding, (4) basal conglomer­ 
ates, and (5) relations with eruptives. The Cambriau is everywhere in a 
horizontal attitude or but slightly inclined, while the Keweenawan has 
dips which vary from 10° or 15° to as high as 90°, the higher inclina­ 
tions chancing to be more common in the districts where the two series 
are together. These relations are due to the fact that the Keweenawan 
has suffered one orogenic movement, being folded into a great com­ 
plex synclinonum, while the Cambrian is unfolded. Where the two 
series come in contact, as they do in many localities in northern Wis­ 
consin, the horizontal Cambrian sandstone rests upon the inclined and 
truncated edges of the bedded lava flows of the Keweenawan. At 
these places basal conglomerates are very general. For many miles at 
various places on the south shore of Lake Superior the two series are 
contiguous, and the Keweenawan is everywhere iuterbedded with or 
cut by eruptives, which in no locality penetrate the Cambrian.

SECTION VIII. 

THE GREAT NORTHERN REGION.

In the Great Northern region is included all of the vast area of pre- 
Cambnan rocks in the northern part of North America not heretofore 
considered. This area is as of great or greater magnitude than all 

'other North American pre Cambrian areas, but as- yet study of it has 
not gone beyond a reconnaissance. The Original Laurentian, Original
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Htironiau, aud Lake Superior areas belong with this region, but because 
they have been somewhat carefully studied they are treated separately. 

The Basement Complex or Archean occupies much the largest part 
of this vast region. So far as can be ascertained from the reconnais­ 
sance reports, this Basement Complex is in all essential respects like 
that described as occurring in the Original Hnroman, Original Lau- 
rentian, and Lake Superior areas. All the varieties of rocks found in 
these areas occur here, and the different kinds have both the areal and 
the structural complexities already described. It appears probable 
that the orthoclase-gueiss, which is the predominant rock in the Orig­ 
inal Laurentian district, also predominates in the vast northern region. 

At many places within the expanse of Archean are belts varying1 
in "width from narrowness to many miles, consisting largely of sedi men - 
tary rocks. These sedimentary rocks vary in alteration from those 
which are merely consolidated to those which are transformed to crys­ 
talline schists. As in the Original Laurentian, Original Huroniau, and 
Lake Superior areas, the sedimentary rocks are in many district closely 
associated with intrusive and extrusive, basic, intermediate, aud acidic 
igneous rocks of many kinds.

, For the most part it is impossible to give any definite lithological 
or structural account of the numerous districts in which these rocks 
have been mentioned as occurring. However, a little is known of the 
Hudson Bay district. At various areas about the bay fragmental 
rocks, such as sandstone, quartzite, shale, slate, slate-conglomerate, 
and limestone occur. These are associated with imperfect gneisses, a 
great variety of schists, and schistose and jaspery iron ores. Accord­ 
ing to Bell, above these rocks at Little Whale lliver and Richmond 
Gulf are formations consisting of beds of siliceous conglomerate, of red 
and gray sandstone, with some red shales. Unconformably overlying 
this intermediate series is the Mamtonnuck series, winch consists of 
argillaceous and siliceous limestones, sandstones, quartzites, shales, 
amygdaloids, basalts, and clay-ironstones. It thus appears probable 
that in the Hudson Bay region the Basement Complex and three series 
of pre-Cambriau elastics occur. This is the same number that are 
found in the Lake Superior region. The uppermost series of Hudson 
Bay is very similar to that of the Lake Superior Keweenawan, and in 
the two regions the lower two series have a somewhat general similar­ 
ity. On the Copper Mine River and at Doobauly Lake occur traps, 
amygdaloids, and porphyues, associated with sandstones and conglom­ 
erates, constituting a series which are lithologically similar to the 

' Keweenawan of Lake Superior.
Therefore, from the somewhat scanty information available as to the> 

Great Northern Area of Canada, it may be considered as possible that 
the succession of series as worked out about Lake Superior and Lake 
Huron will be found to extend far to the north and west, perhaps cov-. 
ermg the vast region which includes Hudson Bay, Copper Mine liiver, 
and Doobauly Lake.
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At various localities in northeastern and eastern Canada are great 
areas of igneous rocks in all respects similar to the anorthosites of the 
Original Laurentian. Crystalline limestones are also found in certain 
of these districts in which anorthosites occur.

The succession which here obtains is possibly similar to that in the 
Original Laurentian district.

SECTION IX. 

EASTERN CANADA.

In eastern Canada there are areas of pre-Cambrian rocks in the 
eastern townships, in the Gaspc Peninsula, in Central New Bruns­ 
wick, in southern New Brunswick, in Cape Breton and northwestern 
Nova Scotia, and in southeastern Nova Scotia. Large areas of pre- 
Cambrian rocks also occur in Newfoundland. These areas are separated 
from one another and from the Great Northern Area of Canada by , 
post-Algonkian rocks, and as they arc devoid of fossils, there is no 
satisfactory basis upon which to make comparisons between them. 
The salient facts determined for each district will be independently 
summarized.

THE EASTERN TOWNSHIPS.

The eastern townships constitute the northeastward extension of the 
Green Mountains of Vermont, and occur in a long belt from the bound­ 
ary between Vermont and Canada to north of the central part of the 
State of Maine. The oldest rocks found consist mostly of alternations 
of chlontic and micaceous schists and gneisses. Associated with these 
at various localities are slates, quait/ites, and limestones. These have 
not been separated from the gneissio and schistose series, but they 
may be of later age. According to Ells, resting uncouformably upon 
the gneissic and crystalline schist series is a set of senncrystalhne 
schists. These comprise limestones, slates, sandstones, quartzites, 
quartziferous schist, and conglomerates, some of which are basal. The 
unconformity between this series and the crystalline series is based 
upon the presence of the basal conglomerates, upon the difference in 
crystalline character, and upon the sharply defined line either of overlap 
or fault between them. Both the crystalline and semicrystalhue scries 
aie unoonformably below Cambrian rocks bearing Olenellus fossils. 
The crystalline a.nd semicrystalhue rocks of the district are intruded 
by granites, diontes, and anorthosites, and volcanic rocks also occur.

No certain evidence is available as to the exact position -which the 
above series of rocks occupies in the time scale. If the elastics closely 
associated with the crystalline schists belong to the same series, in all 
probability we have no rocks m this area older than the Algonkian. 
If, on the other hand, the associated elastics really belong with the 
unconfoimably overlying clastic series, the lowest rocks may be Ar- 
cheau. The senucrystallme series, although placed by Ells with the 
Lower Cambrian, because of its unconformity below the Olenellus 
Cambrian is believed to be Algonkian.
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GASPE PENINSULA.

In the Shicksliock Mountains, on the Gaspe" Peninsula, are garnet- 
iferous gneiss, hornblendic, chloritic, and micaceous schists, slates, 
limestones, and serpentine. Intruded in these rocks are found great 
masses of granite and dikes of trap newer than the Silurian or Devo­ 
nian, as shown by inclosed fragments of these rocks. No attempt has 
been made to subdivide the rocks of this area into series. The character 
of the rocks mentioned makes it probable that Algonkian rocks occur 
here, and the Archean may also be represented.

CENTRAL NEW BRUNSWICK

In central New Brunswick are numerous areas of granites, gneisses, 
and schists, associated with other rocks which are plainly of sedimentary 
origin, including mica schists, quartzites, and slate. Felsites are also 
found. G-ranite, syenite, and diorite in certain places are intercalated 
with the sedimentary rocks, and in other places cut them. From the 
descriptions it appears clear that there are Algonkian rocks in this area. 
Whether crystalhne rocks older than the Algonkian also exist can not 
be decided from the information available.

SOUTHERN NEW BRUNS-WICK

Much has been written about the geology of southern New Brunswick, 
and detailed areal maps have been published. Yet the pre-Oam- 
brian succession is not clear. As nearly as can be made out the order 
from the base upward is as follows: (1) Wholly crystalline granites, 
gneisses, syenites, diorites, and gabbros; (2) mica-schist, gneiss, quarte- 
ite, and limestone; (3) semicrystallme Coldbrook series, consisting of 
chlonte schists, black slates, shales, argilhtes, sandstones, conglomer­ 
ates, diorites, amygdaloids, and other volcanics; (4) little altered Coastal 
and Kingston series, consisting of conglomerates, clay-slates, chloritic 
grits and schists, micaceous slate, shales, argillites, limestone, felsites, 
and diorites; (5) Lower Cambrian.

Some of the massive rocks at the base of the succession are intrusives, 
as shown by all of the phenomena characteristic of eruptive rocks, and 
some of them are probably as late as Carboniferous. It does not follow 
that the main masses of the gneissoid granite may not antedate the 
clastic series. At certain of the localities the gneisses associated with 
the granites are described as conformable with the limestone series. 
The phenomena are similar to those between the Grenville and Gneissic 
series in the Original Laurentiau area, and they may be explained by 
obliterated unconformity, progressive metamorphism, or subsequent 
intrusion of the gneiss. Since it is unknown whether or not there 
are any rocks older than the oldest clastic series, it can not be stated 
whether the Archean or Basement Complex is represented in southern 
New Brunswick. Divisions 2, 3, and 4 belong to the Algonkian. The
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second and third divisions are said to be in conformity, the differences 
between them being mainly hthological, and especially the presence of 
volcanics in the Coldbrook series. Between the Coldbrook series and 
the Coastal and Kingston, series there is a slight unconformity. Along 
the line of contact it is not uncommon to find coarse breccia-conglomer­ 
ates, the fragments of which are derived from the felsites of the inferior 
series. Also the lower series has a steeper inclination. That there is 
a pronounced unconformity between the Coastal and Kingston series 
and the Lower Cambrian is agreed to by all.

NORTHWESTERN NOVA SCOTIA AND CAPE BRETON

In the area of northwestern Nova Scotia and Cape Breton is the 
following ascending succession, as given by Fletcher: (1) Syenites, 
gneisses, felsites, and quartzites; (2) George liiver series, consisting 
of crystalline limestone interstratifled with mica-schist, quartzite, con­ 
glomerates, felsite, syenite, and diorite. By Fletcher and by Gilpin 
the George River series is regarded as resting uncontbrmably upon the 
lower series. From the descriptions it is clear that some of the syenites 
and other massive rocks intrude the sediinentanes, but whether any 
older rocks than those of sedimentary origin are to be found in the 
region is undetermined. We conclude, therefore, that while the pres­ 
ence of Algonkian rocks has been demonstrated for this area, whether 
Archean rocks also occur is as yet unknown.

SOUTHEASTERN NOVA SCOTIA

In southeastern Nova Scotia is an area believed to be pre-Cambrian, 
occupying 6,000 or 7,000 square miles. The sedimentary rocks, which 
are estimated to have a thickness of 15,000 feet, consist of conglom­ 
erates, quartzites, clay slates, mica-slates, and mica-schists. The lower 
11,000 feet is chiefly quartzite, and the upper 4,000 feet is a graphitic 
and ferruginous slate. These sedimentary rocks are intruded by great 
masses of granite, and adjacent to them, and due to their metamorphic 
influence, are the mica-slates and mica-schists. The slates and quartz­ 
ites are folded into sharp undulations, and are cut by a regional slaty 
cleavage. In the more disturbed parts of the area the bedding is not 
easily recognized. In these slates occurs the fossil form which has been 
described as Eophyton.

The slates and quartzites are not found in any structural relations 
with the early fossiliferous rocks. Hence, so far as definite knowledge 
is concerned, they may be as late as Cambrian, but it is believed that 
the probability 16 strongly in favor of their Algonkian age. Bearing in 
this direction is the abundance of fossils in the Lower Cambrian of 
southern New Brunswick and in the Lower Cambrian of Newfoundland 
to the northeast. The extreme scarcity of fossils in the series in ques­ 
tion renders it probable that they are older than the fossil-bearing Cam­ 
brian rocks of the same region. Also in Newfoundland the Lower
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Cambrian rocks rest unconformably upon a great series of slates and 
quartzites, in most respects similar to the gold-bearing1 series of Nova 
Scotia. In Newfoundland these are certainly Algonkian, and it seems 
highly probable that the similar rocks iu. Nova Scotia were deposited at 
the same time, the two districts being parts of the same geological 
province.

NEWFOUNDLAND.

The rocks of Newfoundland are largely of pre-Cambrian age. The 
main area of Newfoundland has been but little studied, but the south­ 
eastern part, especially the Peninsula of Avalon, has been carefully 
mapped. At the base, and occupying much the largest area of pre- 
Cambnan in the main area of Newfoundland, are masses of syenites, 
granites, porphyries, and gneisses. At certain localities in this area 
graphitic crystalline limestones and auorthosite rocks are found. In 
the southeastern part of the main area of Newfoundland and on the 
Peninsula of Avaloii a pre-Cambnan sedimentary series occupies most 
of the country. These are quartzites, slate-conglomerates, slates, and 
sandstones, with diorites. They may be called the Avalou series. 
The series was fouud by Murray to be over 11,000 feet thick. It is 
intruded by granite, syenite, porphyry, and trap, which occur inter- 
banded with the sedimentary beds and cutting them. The latter are 
more abundant in the main area than on Avalon. Where the intru­ 
sive rocks occur the Avalon series is more than usually metamorphosed. 
These intrusions are particularly well seen iu the area between Trinity 
and Bonavista bays. In the western part of the Peninsula of Avalou 
vok;anic conglomerates and volcanic ashes occur. In the sedimentary 
series two fossils have been found, Aspidella terranovica and Arem-~ 
colites spirales.

The Avalon series is cut by a cleavage, the angle of which is usu­ 
ally steep, being never less than 45°, and the strike usually being par­ 
allel to the strike of the beds, but not invariably so. Resting uncon- 
forinably upon the upturned and altered Avalon series are found the 
unaltered horizontal Olenellus Cambrian rocks.

As in New Brunswick and Nova Scotia, there is no clear evidence 
available as to the relations of the Avalon or other sedimentary series 
to the main areas of granitic and schistose rocks. It is certain that a 
portion of the granites and gneisses are intrusive m them, but it is not 
improbable that a close structural study would detect an older series of 
rock upon which the Avalon series was deposited. However, in the 
pieseut state of knowledge, it can not be asserted that Archean rocks 
exist in Newfoundland, though this is highly probable. The Algonkiau 
is, however, represented by the Avalon series, and also by the small 
series of limestones and associated rocks in the main area. Whether 
these and the Avalon rocks belong- to the same or to different series 
is not determined.
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lu all probability the Avalon series, as explained on a previous page, 
is equivalent to the quartzites and slates of southeastern Nova Scotia. 
Both of these may be equivalent to one or both of the clastic series of 
southern New Bruuswick. In degree of inetamorphism and m the pres­ 
ence of volcanic rocks the areas are somewhat similar. However, this 
suggested correlation cau be considered as 110 more than a possibility.

SECTION X. 

ISOLATE!) AREAS IK THE MISSISSIPPI VALtEY.

lu the Mississippi Valley pre-Cambrian rocks, surrounded by the 
fo.ssihferous series, are found in the Black Hills of South Dakota, in 
central Missouri, and in central Texas. As these are unconnected 
with one another and with the pre-Cambrian to the east and west, they 
are considered separately.

THE BLACK HILLS.

In the Black Hills is a great series of Algonkian rocks, composed 
chiefly of mica-slates, with quartzites, schist-conglomerates, and ferru­ 
ginous cliert, and smaller areas of mica schists and mica-gneisses of 
unknown although probably of great thickness. They extend over an 
oval area 60 miles long and 20 miles broad. These rocks are folded into 
close rolls, with north-south axial planes, and are cut by a regional 
cleavage which is usually nearly vertical. The ordinary metamorphism 
is believed to be largely due to the folding. The sedimentary rocks 
are cut by various masses of intrusive granite and basic rocks of 
Algonkian age, and also by later eruptives. The largest granite mass 
is 8 or 10 miles long and nearly as broad. A number of other masses 
are of considerable size. Adjacent to these batholites numerous large 
dikes ot granite occur. In passing away from them dikes become less 
abundant and smaller in size, until they finally disappear. Close to 
the larger granite masses the dikes have typical granitic structures; 
farther away they grade into peguiatitic rocks, and these, by a lessen­ 
ing of the feldspar, grade into ordinary quartz veins, showing at places 
a banded structure. There can be little doubt that the dikes are 
dependent upon the batholites of granite. There is equally little doubt 
that the quartz veins are water impregnations. Between the two there 
appear to be gradations. (See pp. G86-G88.) Abont the great batholites 
the sedimentary rocks are thoroughly crystalline, being transformed to 
mica-schists and mica-gneisses, with secondary structui es parallel to the 
intrusive masses, and the original structures being destroyed. In places 
the mica-schists and mica-gneisses are thoroughly pegmatized. The 
zonal belt of schist passes by gradation into the ordinary cleaved slate 
of the district. Besting uucouforuiably upon the deeply denuded edges 
of the Algonkian schists and granite is the nearly horizontal Potsdam
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sandstone. In degree of folding, character, and mineral composition the 
sedimentary rocks resemble in some respects the Lower Huronian of 
the Lake Superior region. The Black Hills afford one of the best 
instances known of the nietamorphic effect of great intrusive masses,of 
granite. The metamorphism is not contact metamorphism in the ordi­ 
nary sense, bnt seems rather to combine cementation, injection, meta­ 
somatism, and mashing. The deep-seated mass of granite had an effect 
far beyond its border. This is probably explained by the radiating 
granite dikes and by the thermal waters, rich in solutions, produced in 
connection with the intrusive. Also the intrusion resulted in extended 
interior movement of the materials of the schists, and hence produced 
dynamic metamorphism. The production of peripheral cleavage par­ 
allel to an intrusive magma, and therefore normal to the pressure, is as 
finely illustrated here as anywhere in America.

MISSOURI.

In Missouri are a number of pre-Cambrian islands surrounded by 
Cambrian sediments. These consist mainly of granites, felsites, porphy­ 
ries, and porphyritic breccias. Haworth describes gradations between 
the granitic and porphyritic rocks. At Pilot Knob and in the adjacent 
area are found water-deposited rocks, which comprise porphyry-con­ 
glomerates and the iron ores and associated rocks of Pilot Knob. The 
unaltered horizontal Cambrian rocks rest upon the deeply eroded pro- 
Cambrian igneous and sedimentary rocks.

There is, then, in central Missouri a pre-Cambiian clastic series, and, 
therefore, a member of the Algonkian system. Whether any of the 
crystalline rocks are older than the Algoukian there is no certain 
means of judging.

There are also no certain data upon which to parallelize this Algon­ 
kian series with series of the nearest pre-Cambrian region that of Lake 
Superior. Upon the whole, the lithological character of the series more 
nearly resembles that of the Keweenawan than any other. This is indi­ 
cated by the porphyries and porphyry-couglomei ates. The parallelism 
is rather strengthened by the fact that the Upper Huron mn quartzite 
outcrops of southern Wisconsin are associated with and cut by porphy­ 
ries. But a reference of the Missouri rocks to either the Keweenawau or 
the Upper Hurouian has a very uncertain value, and it is not impossible 
that it rather represents the period of erosion which separates the 
Keweeuawan and Upper Hurouian.

CENTRAL TEXAS

In Texas is a series of sedimentary rocks, named Llano by Walcott, 
which consists of alternating beds of shales, slates, sandstones, quartz- 
ites, limestones, ferruginous rocks, carbonaceous or graphitic schists, 
mica-schists, and chlorite-schists. There also occur in this area gran-
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ites and gneisses, a part of which are placed as a separate system by 
Comstock, but which are regarded by Walcott as intrusive in the 
sedimentary rocks. Whether all of the granites or gneisses are intru­ 
sive or not, it is agreed by both that the clastic series are cut by numer­ 
ous eruptives, both basic and acidic, of which granite is the most 
prominent. Coinstock also divides the sedimentary rocks into two 
series, between which he believes there is an unconformity. Resting 
unconformably npon the deeply eroded pre-Cambrian are the Potsdam 
Cambrian rocks.

It is clear that in Texas there is one, and possibly two, series of 
Algonkian rocks, but whether the Archean is also represented is as 
yet undetermined. The sedimentary rocks of the Texas area have 
been correlated by Walcott and Oomstock with the Algonkian of the 
Grand Canyon region.

INDIAN TERRITORY

In the Indian Territory is an extensive area of granite, called by Hill 
the Tishommgo granite, which, appears to be of pre-Paleozoic age, but 
whether Archean or Algonkian is undetermined.

SECTION XI. 

COKDI-LLEKAS.

In the mountain systems of the western part of the United States 
to which the term Cordilleras is applied are many great areas of pre- 
Cambrian rocks. The axial cores of the majority of the mountain 
ranges are composed of ancient rocks, although m certain districts 
they are of more recent, igneous origin. The more important areas in 
which pre-Cambrian rocks are known to occur are as follows : In Wyom­ 
ing are the Laramie, Medicine Bow, Park, Big Horn, Rattle Snake, 
Sweetwater, Wind River, Gros Ventre, Wyoming, and Teton ranges. 
The central and southwestern parts of Montana and the adjacent parts 
of Wyoming, Idaho, aud British Columbia are mainly occupied by 
great areas of pre-Cambrian rocks. In Utah and Nevada are the 
Uinta and Wasatch mountains, and numerous Basin Ranges, among 
which are the Promontory, Fremont Island, Antelope Island, Oquirrh, 
Aqui, Raft River, Ibenpah, Ombe, Gosi-Ute, Schell Creek, Washoe, 
Pequob, Egan, Franklin Butte, Humboldt, Seetoya, Pinon, Cortez, 
Wan- weah,Toyabe, Shoshone, Fish Creek, Havallah, Augusta, Pah-ute, 
West Humboldt, Montezuma, Pah-tson, Pah-supp, Pogonip, Snake, Sah- 
wave, Truckee, Granite, Lake, and Peavine ranges. In Colorado and 
northern New Mexico are the Front, Wet, Sangre de Christo, Park, 
Sawatch, Elk, and Uncompahgre ranges, and areas along the canyons 
of the Grand and Gunnisou rivers. In Arizona and western New 
Mexico are the Buro, Pimaleno, Apache, Final, Colorado, Black,



816 PRINCIPLES OF NORTH AMERICAN PRE-CAMBRIAN GEOLOGY.

Virgin, Granite, Santa Rita, Sandia, Zuni, Music, and other ranges, 
and areas along the Grand Canyon of the Colorado. In the many 
ranges of California, Oregon, Washington, and British Columbia, 
crystalline rocks occur, and in certain areas these appear to be of pre- 
Cambrian age. The only area in North America south of the United 
States in which possible pre-Cambrian rocks have been reported is 
in Guatemala.

In the rnajoi ity of the Basin Ranges and in the Wet, Sangre de 
Chiisto, and Elk mountains the rocks consist mainly of granite, but in 
some ranges syenite, diorite, and gabbro occur. The more important 
Basin Eanges in which the rocks a.rc mainly massive aie as follows: 
Laraime, Rattle Snake, Oquirih, Aqui, Baft River, Ibenpah, Onibe, 
Gosi-TJte, Schell Creek, Washoe, Pequob, Egau, Franklin Butte, See- 
toya, Pifion, Cortez, Wah-weah, Toyabe, Fish Cieek, Havallah, 
Augusta, Pah-Ute,Pah-supp, Pogouip, Sah-wave, Granite, Wet, Saugre 
de Christo, and Elk ranges. The core rocks of these ranges have been 
classified as Archeau, but in some cases there is evidence that they are 
post-Cambrian eruptives. In each of the remaining areas listed there 
is a great variety of crystalline roeks, including massive and schistose 
kinds, having all the intricatelithological and structural characteristics 
of the Archeau. The more important of these are as follows: Medicine 
Bow, Paik, Big- Horn, Rattle Snake, Sweetwater, Wind River, Gros 
Vcntre, Wyoming, Teton, Uiuta, Wasatch, Promontory, Antelope 
and Fremout islands, Huinboldt, Shoshone, West Huinboldt, Monte- 
zuma; Pah-tsou, Truckee, Lake, Peaviue, Front, Sawatch, and TJncoin- 
pahgre ranges, central and southwestern Montana, with adjacent parts 
of Wyoming, Idaho, and British Columbia, and the canyons of the 
Grand and Gunmsou i ivers.

In a number of the above cases the complex referred to the Archean 
rests below a series of pre-Cambrian sedimentary rocks, which in turn 
are overlain by the Paleozoic. In some instances the pre-Cambrian 
elastics are unconformably above the Archean, and m others appear to 
grade into it. The pre-Cambrian elastics in some instances are uncou- 
formably below the Cambrian, and in others are conformable with 
it. The massive rocks of the Archean aie granites, syenites, diorites, 
gabbros, and other igneous rocks, the acidic varieties being by far 
the more abundant, and being the core rocks of many ranges. The 
predominant schistose rocks are gueissoid granite, but finer-grained 
schists are abundant. In numerous cases the massive rocks are clearly 
intrusive within the schistose ones, while in other cases there are 
undoubted gradations between them, due to dynamic action. For 
instance, at many places granites are traced step by step into gneissoid 
granites, these into well-laminated gneisses, and these into fissile 
schists. Perhaps most frequently in passing from the schistose to the 
granitic rocks there first appear in the schist thin belts of gneiss, 
which become more and more prominent, until the rock is predomi-
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nantly a gneiss, and tins by imperceptible stages passes into a granitoid 
gneiss, then into a granite. A part or a whole of the laminated rocks 
may be cut by granite veins, while oftentimes there are considerable 
masses of granite in the schists of the same character as the main 
granite mass, the contacts being exceedingly sharp. Also in the mas­ 
sive granites not infrequently fragment-like areas of the schists occur. 
Such relations show that at least a portion of the granite is intrusive, 
but they do not decide the question as to how much of the gneissoid 
granite is more ancient than the associated schistose rocks. To fully 
describe the Basement Complex would be but to repeat the general 
characterization given at the beginning of Part II, and so like in essen­ 
tial characteristics are rocks of each of the ranges which are certainly 
Archean that a description of one 'would be but a description of most 
of the others. Therefore those ranges in which Archean rocks only are 
known will not be further described.

However, at various places, besides the Archean, Algonkian rocks 
are present, and these districts will be separately treated. The areas 
in which Algonkian rocks probably or certainly occur are as follows: 
The Medicine Bow range in Wyoming; large areas in southwestern Mon­ 
tana and in British Columbia; in Utah, the Uinta, and Wasatch moun­ 
tains, Promontory Bidge, Antelope and Fremont islands, and the Aqui 
Mountains; in Nevada, Schell Creek, Egan, Pogomp, and Pinon ranges; 
in Colorado, the Front range, Sawatch range, and Uncompahgre 
Mountains; in Arizona, the Grand Canyon district; and in Guatemala.

MEDICINE BOW MOUNTAINS

The larger part of the Medicine Bow Mountains is an intricate base­ 
ment complex of Archean rocks. However, in the area of Medicine 
and Mill peaks a clastic series occurs. This consists from the base up 
of slates and slate-conglomerates bearing granite pebbles, above which 
are thick layers of quartzite, and above these are cherts and cherty 
limestones. These rocks appear to be in isoclinal folds overturned 
toward the west. The conglomerates are much mashed a,ud the quart- 
zites approach quartz-schists. On the east side of the mountain, one 
finds, in passing from the Archean toward the Algonkian, that the gran­ 
ite becomes less plentiful and the gneiss more laminated, grading into 
banded gneiss, which appears to change by imperceptible stages into 
fine-grained green schist, and finally into black slate. On the west 
side, at the base of the sedimentary series, are found the slate-conglom­ 
erates which bear granite pebbles. It is believed that the facts are 
best explained by regarding the Medicine Bow series as unconformably 
upon the Archean. The apparent gradations are on the east side of a 
fold with an eastward-dipping axial plane. Therefore the junction 
between the two series is here a horizon of great accommodation, and 
one where the sedimentary rocks were rendered crystalline. A parallel 
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schistose structure was produced both in the sedimentary rocks and in 
the Archean. On the west side, however, where the shearing was less 
intense, the clastic character of the series is still discoverable.

If the above interpretation is correct, the Medicine Bow range affords 
another locality in which there is apparently complete gradation between 
a sedimentary and a crystalline series. If the facts of the gradation 
were taken by themselves they would be explained by some geologists 
as proof of the intrusive character of the gneissoid granite in the Algon- 
kian; by others they would be taken as evidence of the progressive 
metamorphism of the Algonkian rocks into the Archean. But it has 
been seen that the more probable explanation is that the two are really 
unconformable, but have been mashed and metamorphosed until there 
is gradation between the two and conformity of secondary structures.

SOUTHWESTERN MONTANA

In houlhwesteiu Montana the piedommaut locks are, as usual, those 
of the Basement Complex, or Archean. The gneissoid granite of this 
system is magnificently exposed in the canyon of the Madison. Here 
the banded gneissoid granite, cut by granitic and basic rocks, has a 
foliation in the same direction for many miles (fig. Io4). A suggested 
explanation of the phenomenon is given on pages 664-068. Associated 
with the Archean gneisses along Cherry Creek on the west side of the 
Madison Kiver is an. area, 8 miles long and 4 miles wide, which consists 
of crystalline limestones, mica-schists, quartz-schists, and gneisses, very 
highly inclined. This may be called the Cherry Creek series. So far 
as seen, the structure of the scries is conformable with the lamination 
of the gneiss and granite. The truncated edges of all the above are 
traversed by the little-disturbed Cambrian. Besides this clastic series 
there is in southwestern Montana, along the East Gallatin River, in the 
canyon of Jefferson River, in the Briclger range, and in the Little Belt 
Mountains, a great thickness of sedimentary rocks, called the Belt 
series, which rests upon the Archean unconformably. This seiies in 
the Bridger range has a thickness of 5,000 or 6,000 feet, and in the Little 
Belt Mountains IK estimated by Davis to have a thickness of from 10,000 
to 15,000 feet. It consists mainly of micaceous slates, micaceous sand­ 
stones, and conglomerates. jSTcar its base at the East Gallatin Eiver 
bands of siliceous limestone occur. Restin g conformably upon the top of 
the series is a hard, persistent belt of quartzite 100 to 150 feet in thick­ 
ness. This is called the Plathead quartzite. Conformably above this 
quartzite is a limestone, which carries a Cambrian fauna. Peale states 
that while there is no unconformity between the Flathead quartzite and 
the Belt series, there was an important epeirogenic movement between 
the two, the entire area of the Three Forks sheet being submerged at 
this time.

The completely crystalline sedimentary rocks of Cherry Creek clearly 
belong to the Algonkian. As these are described as inseparable from
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the Archean gneisses, we have no certain evidence as to their real rela­ 
tions. The district has not been closely enough studied to ascertain 
whether the gradation is real or apparent. In these relations we have 
the same problem as in so many other regions. The apparent con­ 
formity of the Cherry Creek series and the Archean may in the future 
be explained by any one of three hypotheses: obliterated unconformity, 
downward metamorphism, or intrusion of the gneissic series.

While the Cherry Creek Algonkian is not anywhere in contact with 
the Belt series, its extreme metamorphism and common structure with 
the Archeau gneisses make it highly probable that it is unconfbrmably

FIG. 154. Regularly laminated gneissuid granite of Madison Canyon.

below the Belt series, since the latter rests upon the truncated edges of 
the Archean gneiss. As to the age of the Belt series, nothing definite 
can be said, for no fossils have been found in it.

In this series we have a problem of correlation somewhat different 
from that of any area before considered. A set of clastic rocks bearing 
Cambrian fossils passes conformably downward into a great series of 
rocks devoid of fossils, which from their lithological characters ought 
to contain an abundant fauna. Eepeated search for fossils has been 
made by skilled paleontologists in the area, and m other areas corre­ 
lated with the Belt series, but always without success. It is possible
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that in the future a fauna will be carried down through this series of 
rocks. Such a fauna may prove to be Cambrian, or it may so change 
in character as to be properly called a pre-Cambrian fauna. Lacking 
definite evidence, and considering the fact that the pre-Cambrian sedi­ 
mentary rocks are so generally devoid of abundant fossil remains, it 
has seemed to rne that it is somewhat more likely that the Belt and 
equivalent series in this region will prove to be Algonkian rather than 
Cambrian.

Occupying a position similar to that of the Belt series are great 
series of sedimentary rocks in the Uinta Mountains, in the Wasatch 
Mountains,, and in British Columbia. These in all probability are con­ 
temporaneous with the Belt series, and together mark a continuous 
area of deposition, and therefore a g-eologieal province, in early Cam­ 
brian or late Algoukiau time

BRITISH COLUMBIA

In British Columbia the basa.1 rocks are granites, gneisses, and mica- 
schists. These are said by Dawson to be overlain conformably by a 
great series consisting of argilhtes, argilhte-schists, qnartzites, con­ 
glomerates, and some limestone. In the Bow Eiver district, in the 
upper part of this series the Olenellus fauna is found, and thus there 
seems to be a conformable gradation from the Olenellus Cambrian to 
the basal rocks. It appears highly probable that the great thickness 
of sedimentary rocks, or a part of them, below the Olenellus Cambrian 
is equivalent in age to the Belt series of southwestern Montana, and is 
therefore probably of Algonkian age. Whether the lower crystalline 
rocks belong with this series, are uneonformably below them, or are 
igneous rocks intrusive within the sedimentary series, is undetermined. 
Therefore, as yet it can not be asserted that the Archean is represented 
in this region, although this is probable,

THE UINTA MOUNTAINS

In the Uinta Mountains the basal rocks comprise a small area along 
Ked Creek Canyon. They consist of intricately folded, white, gneissoid 
granites, cut by dikes of basic eruptives, now changed to hornblende- 
gneiss. The whole was intricately folded after the intrusion of the 
basic rocks and before the Uinta series was deposited, producing com­ 
plicated secondary structures and plications. This basement complex 
is referred to the Archean. Besting upon its truncated edges and 
occupying a large part of the area of the Uinta uplift is a great series 
of sedimentary rocks, estimated by Powell to be 12,500 feet thick, and 
called the Uinta series. This series consists of shales, red sandstones, 
and quartzites. The whole is exceedingly ferruginous, and contains 
seams of clay-ironstone. While much time was spent by Powell in the 
search for fossils, none were found. Besting uneonformably upon the 
Uinta sandstone, \vith an intervening erosion sufficient to carry away 
at least 3,000 feet of strata, is the Lodore formation, belonging to the
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Carboniferous. On account of the absence of fossils, and because 
unconforiuably below the Carboniferous and unconformably above the 
Archeao, it is thought to be most probable that the Umta series is to 
be correlated with the Belt series of Montana, and that it is therefore 
probably of Algonkian age. However, there is no definite proof that 
it may not be Cambrian or Silurian.

THE WASATCH MOUNTAINS

In the Wasatch Mountains the typical granite gneiss-schist Base­ 
ment Complex constitutes a broad belt in the northern part of the area. 
The schists and gneisses are cut by pegmatitic granite veins in the 
most irregular manner. For instance, in the lower part of Saw Mill 
Canyon the Archean is a series of schists. In going up the canyon 
granite begins to appear, cutting the schists, and becomes more and 
more prominent, until it is the most abundant material. It is here 
exceedingly coarse, and the whole appearance is that of an intrusive 
which has cut the schis'ts aud gneisses by numerous apophyses.

Besting unconformably upon this Archean complex is a great series 
of sedimentary rocks. These consist of mica-slates, mica schists, 
argillite, and intercalated siliceous schists, 800 feet thick; and above 
these is a great quartzite formation 12,000 feet in thickness. Conform­ 
ably above the quartzite are 250 feet of shales, which according to Wal- 
cott contain Oleuellus fauna. Walcott says that this lower series, 
although ID a most excellent condition for affording fossils, did not 
reveal any. The pre-Olenellus series may be called the Wasatch 
series. The Wasatch series is rather gently folded, although the dips 
are sometimes steep. The nietainorphism of the rocks is largely by 
consolidation and cementation, although the quartzites everywhere 
show the effects of orogenic movements, and in places approach 
quartz-schists.

In the southern part of the Wasatch area, m the Little Cottonwood 
district, is a great mass of white, laminated granite, the lamination 
being due to the parallel arrangement of many of the mineral par­ 
ticles. This granite has been regarded by certain geologists as con­ 
stituting the basement upon which the Cambrian was deposited, while 
others have regarded it as intrusive within the Paleozoic.

However this may be, we have the Archean in typical development 
in this region, and a great series of sedimentary rocks in a position 
exactly similar to the Belt series in southwestern Montana, and which 
are therefore doubtless equivalent to t'hein, and probably belong with 
the Algonkian.

PROMONTORY RIDGE, FREMONT ISLAND, AND ANTELOPE ISLAND.

In the range composed of Promontory Eidge and Premoilt and Ante­ 
lope islands the Archean rocks occur in typfeal development. Resting 
on these, according to Hague, is a conformable series of quartzites and 
inica-schists containing a zone of calcareous sandstones and several
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beds of limestone, the whole estimated to be 3,800 feet in thickness. 
No fossils are found in these rocks, and they are presumably the equiva­ 
lent of the Wasatch series, and are therefore probably Algonkian.

THE AQUI MOUNTAINS.

Iii the Aqui Mountains is a granitic core which is presumably Ar- 
chean. Besting upon this granite is-a. series of quartzites 6,000 feet 
thick, containing beds of conglomerate with argillaceous schists and 
imperfect mica-schists. This series, on account of its great thickness 
and the absence of fossils, was correlated with the Wasatch series 
by Emrnons, and if this correlation is true it is probably Algonkian.

SCHELL CREEK, EGAN, POGONIP, AND PINON RANGES.

The Schell Creek, Egan, Pogouip, and Pifion ranges are given by 
the King survey as among those in which the Archean is mainly gran­ 
itic. Besting unconformably upon this granite are quartzites, several 
thousand feet in thickness, which are conformable below the Olenellus 
Cambrian. These rocks are therefore probably equivalent to the 
Wasatch series, and may with plausibility be referred to the Algonkian.

In the Schell Creek range the probable Algonkian is represented by 
heavy bodies of quartzite. In the Egan range the probable Algoukian 
is represented by a series of thoroughly vitrified quartzites several 
thousand feet thick, containing quartzitic and micaceous schists. In 
the Pogonip range it is represented by micaceous, arenaceous, and 
argillaceous slates and shales and by vitreous quartzite, the series 
being of undetermined thickness. In the Piuon range it is represented 
by quartzites underlain by mica-schists and quartzitic schists, having 
a total thickness of 5,000 feet.

FRONT RANGE OF COLORADO.

By far the greater portion of the Front Bange of Colorado is composed 
of the typical Basement Complex, or Archean, and intrusive granites. 
In, the central part of the range gneissoid granites are predominant, 
but in some places along the eastern border this gneissoid granite 
varies into a great series of completely crystalline schists. Taking 
schistose structure for bedding, King estimated the thickness of the 
series at Clear Creek to be 25,000 feet. However, the structure is, 
without doubt, foliation, and the figure given only serves to show the 
extent of the schistose area.

In the district of Coal, Boulder, and Thompson creeks, on the east 
side of the range, is a narrow belt of mica-schists, quartzites, quartz- 
schists, and schist-conglomerates, containing abundant pebbles of white 
quartz and fewer of gneissoid granite, the thickness being unknown; 
but if foliation corresponds to bedding this thickness has a maximum of
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at least 1,000 feet. The clastic character of this series is unmistakable. 
The higher members of the series are quartz-schists alone, but in pass­ 
ing downward mica-schists and quartz-schists are interstratifled with 
beds of conglomerate. At the base the mica schists become mterlaim- 
nated with gneiss, which rock becomes more and more abundant, and 
upon Coal Creek pegrnatitic granite veins cut them. Nowhere between 
the clastic and gneissoid series has any discordance been discovered, 
there appearing to be a somewhat rapid gradation between them. The 
series has been subjected to such intense dynamic action as to almost 
entirely obliterate the clastic characters, with the exception of the 
schist-conglomerates, and even in these the matrix is a completely 
crystalline scbist, the only unmistakable evidence of the sedimentary 
character being the greatly mashed and flattened pebbles. This 
clastic series is unconformably overlain by the Triassic. As in other 
districts of the Front range, little-metamorphosed Cambrian rocks 
are found resting discordantly upon the Archean and the crystalline 
schists associated with them. It is believed that this border series is 
of Algonkian age.

In this locality we have therefore another case of apparent grada­ 
tion between the Archean and the Algonkian. It is believed to be most 
probable, however, that there is a real unconformity between them. 
This is indicated by the horizon of schist-conglomerate near the base 
of^the series, and by the fact that the mica-schists below this conglomer­ 
ate are cut by abundant pegmatitic granite veins which do not pene­ 
trate the Algonkian sediments.

In the Pikes Peak district Cross describes very numerous masses of 
quartzite included in and cut by granite. The largest of these, in 
Wilson Park, is 4,000 feet thick, stands on edge, and is exposed for 
5 miles along the strike. Other large masses occur in Cooper and 
Blue mountains. These quartzites and the intersecting granite, which 
occupies a far greater area than the quartzites, Cross refers to the 
Algonkian.

THE SAWATCH RANGE

In the Sawatch range the Archean, or Basement Complex, agaui 
occurs in all its typical complexity. Near Sahda. Cross describes a 
volcanic series of hornblendic, micaceous, and chlontic schists of 
great thickness, which are cut by granitic, and pegmatitic veins as well 
as by dikes of porphyry. At Marshall Pass what is thought to be a 
continuation of these hornblende schists is found. At Tin Cup and 
Tin Cup Pass, interbedded with the green schists and fine-grained 
gneissoid rocks, is a highly crystalline marble, showing that metamor­ 
phosed sedimentary rocks occur among the crystalline schists of the 
Sawatch range. This series rests unconformably below the Cambiiau, 
but the relations to the Archean have not been determined. From the 
facts observed, Cross concludes that the schists and massive rocks of 
the Salida area are a series of Algonkian lavas.
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UNCOMPAHGRE MOUNTAINS

In the Uncompahgre Mountains the usual typical Basement Complex 
occurs. The red and white gneissoid granite is cut by or iiiterlaminated 
with numerous black bands of hornblende-gneiss, which occur in dike- 
like forms. In the Quartzite Mountains is a large area composed of 
rather pure vitreous quartzite, in places conglomeratic, and occasionally 
showing more or less of a slaty appearance. In this quartzite dikes of 
hornblende-gneiss are nowhere found. The quartzite is somewhat 
closely folded, the dips being usually high. Very considerable dynamic 
metamorphism attended this folding, quartzites and conglomerates 
being transformed to semicrystalline schistose quartzites and schist-con­ 
glomerates. As this series occurs in typical development along the 
Eio Aniinas, it may be called the Animas series. In the Animas section 
there is no evidence of a transition between the quartzite series and 
the Basement Complex on either side of the quartzite area. In both 
of these localities the two series were found a few paces apart. At 
the southern boundary there is a marked discordance in the strike and 
dip of the schistose structure of the gneissoid granite and a set of beds 
of quartzite adjacent to it which are in sharp anticlines and synclines.

South of Ouray, along Eed Mountain Creek and along one of the 
branches of the Uncompahgre, is also exposed a great series of slates, 
quartzites, and conglomerates, which in lithological character is iden­ 
tical with the clastic series of the Quartzite Mountains. The forrifa- 
tions are repeated by close folding. These rocks may be called the 
Eed Creek series. Just south of Ouray the Juratnas is found in an 
almost horizontal position upon the truncated edges of the slates and 
quartzites. This unconformity, m the distance at which it may be 
observed and the mass of rocks exposed, is most striking. Conforma­ 
bly below the Juratnas at Ouray is the Carboniferous. ITence the 
semicrystalline clastic series is certainly unconformably below the 
Carboniferous. As the Cambrian rocks, wherever they occur in this 
southwestern region, are unfolded and are conformable with the 
Carboniferous, it is certain that the Animas and Eed Creek series 
are pre-Cambrian. Also these series are almost certainly unconform­ 
ably above the Archean. This is indicated by their relations where 
found near together, and by the fact that the numerous dikes which cut 
the Archean nowhere penetrate the sedimentary series. Therefore the 
series are regarded as Algonkian. These series of clastic rocks are 
far from the sedimentanes of the Grand Canyon region, and are also a 
great distance from those of the Wasatch region. They may be equiva­ 
lent with the Algonkian of either of the latter regions or of both of 
them. If the latter should prove to be the case, the Algonkian sea, 
which included southwestern Montana, part of British Columbia, the 
Uintas and the Wasatch, and the eastern portion of the Basin Kanges, 
must have extended far south to the Quartzite Mountains and the Grand 
Canyon of the Colorado.
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THE GRAND CANYON OF THE COLORADO

Walcott gives the following in reference to the Grand Canyon of the 
Colorado: At the base is the Archean. On the north side of the Grand 
Canyon south of Vishnu's Temple is a set of micaceous schists and 
quartzites, cut by granite, which is called the Vishnu terrane, and is 
doubtfully referred to the Algonkian. Resting with a great uncon­ 
formity upon the Vishnu is the Grand Canyon series, 11.950 feet thick. 
The Grand Canyon series is divided into two terranes: the Unkar, 
6,830 feet thick, and the Chuar, 5,120 feet thick.

The Unkar series consists of sandstones and limestones interstratltied 
with basalts, and has at its base a conglomerate composed largely of peb­ 
bles derived from the upturned edges of the pre-Unkar strata. Resting 
upon the Unkar terrane with a slight unconformity is the Chuar terrane. 
It consists of shales, sandstones, shaly limestones, and limestones. In 
the middle of the lower portion of the shales and limestones of the Chuar 
terrane is a sparse fauna, consisting of a minute discinoid or patelloid 
shell, a small lingula-like shell (which may be a species of Hyohthes), 
and a fragment of what appears to be the pleiiral lobe of a segment of a 
trilobite belonging to a genus allied to the genus Olenellus, Olenoides, or 
Paradoxides. There is also a Stromatopora-like form that is probably 
organic. Resting with a great unconformity upon the Chuar is the Tonto 
or Middle Cambrian sandstone. During the time represented by this 
unconformity the sediments of the Grand Canyon series were elevated, 
faulted, somewhat flexed, and eroded, so that the entire series was cut 
through, and the area, including the more resistant Vishnu terrane, was 
base-leveled. The length of timerequiredby this unconformity is believed 
to be longer than the period of Lower Cambrian sedimentation, and the 
Grand Canyon series is therefore placed in the Algonkian. The Grand 
Canyon series has lithological analogies with the Keweenawan of Lake 
Superior and the Llano series of Texas, but there is no certain evidence, 
in the absence of fossils, by which it can be equated with either.

The fauna of the Chuar terrane, although so meager, furnishes the 
largest number of fossils yet found in any pre-Cambrian series. While 
not sufficient to give a basis for correlation, it gives legitimate hope 
that a more satisfactory pre-Cambrian fauna may be found in the 
future.

GUATEMALA.

Sapper describes and maps considerable areas of Azoic formations in 
Guatemala. 1 The lowest formations are gneiss and the higher formations 
are mica-schists and phyllites, associated with which are crystalline 
limestones, actinolite-schists, and quartzites. Closely connected with 
these schistose rocks are ancient eruptive rocks, including granite, gab- 
bro, diabase, etc. Whether these Azoic formations are pre-Paleozoic or 
not can not as yet be asserted. If they are pre-Cambrian the Algonkian 
is certainly, and the Archean possibly, represented in this State.

1 G-rundzugo der physikaliacheii Geographic \on Giiatemala, by Carl Sapper J. Perthes Geog 
Anstalt, Erganznngsheft Nr 113, 1894, pp 5-6 With 4 maps
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SECTION XII. 

THE EASTERN UNITED STATES.

In the eastern part of the United States are great areas of semicrys- 
talline and holocrystallme rocks, which vary in age from the Archean 
to the end of the Paleozoic. Included in this great complex are the 
larger parts of the States of Maine, New Hampshire, Vermont, Massa­ 
chusetts, Rhode Island, Connecticut, considerable parts of New York, 
New Jersey, Pennsylvania, and Maryland, and a broad belt, in great­ 
est width more than 100 miles, in the southern Appalachians and the 
Piedmont Plateau, and running through the States of Virginia, western 
North Carolina, eastern Tennessee, western South Carolina, northern 
Georgia, and northeastern Alabama. These rocks have all been called 
Archean, using Archean to include the Laurentian and Huronian as 
these terms were formerly applied.

However, wherever areas have been closely studied it has been ascer­ 
tained that this great complex of crystalline and semicrystallme rocks 
must be distributed from the Archean to the Paleozoic. Lithologic- 
ally the rocks comprise almost every variety of semi-metamorphosed 
and completely metamorphosed sedimentary rocks; igneous rocks of the 
greatest variety and abundance, basic, intermediate, and acidic, plu- 
tomc and volcanic, the latter including both lava flows and tuffs; and 
many varieties of crystalline schists of undetermined origin. The 
igneous and metamorphosed sedimentary rocks vary in age from the 
Archean to the Carboniferous. Williams recentlystrongly emphasized 
the great variety and abundance of these volcanic rocks, which he 
traced from Maine to Alabama. Many of them have heretofore been 
regarded as metamorphosed sedimentary rocks. Great bathohtes of 
granite of Paleozoic age are also known to be intrusive in the sedi­ 
mentary rocks. Emerson has described in detail those which occur in 
the central part of Massachusetts. In places these granites are cut by 
coarse-grained granites which are apparently of later age. About the 
bathohtes are zones of mica-schists, which have been produced from 
argillites. The most intense metamorphism next to that of the granite 
is marked by the development of muscovite, hornblende, and feldspar, 
the nest zone by staurolite and garnet, and the outer zone by flbrolite 
and chiastolite.

As the present state of knowledge of this great eastern area of 
partly or wholly crystalline rocks is so imperfect, it is impossible to 
give any satisfactory account of the region as a whole, or of consid­ 
erable parts of it. At present it therefore seems best to confine definite 
statements to a few small areas which have been accurately mapped, 
and the stratigraphy of which has been unraveled.

Within the eastern region are illustrated all of the principles of pre- 
Cambriau North American geology given in Part I, and many of them
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at various points. No attempt will here be made to recapitulate them, 
but it may be said that the Appalachian system shows as well as any 
mountain system in the world the general tendency which sometimes 
prevails for the formation of monoclinal folds, and, in the crystalline 
areas, of uniformly dipping cleavage. (See pp. 664-668.) The axial 
planes of the folds and the cleavage very generally dip to the south­ 
east. Over extensive areas the inclination is so great as to form over 
turned folds, and where overturned folds do not occur it is very generally 
true that the northwest limbs are steeper than the southeast ones.

GREEN MOUNTAINS OF VERMONT

liecent close work by Whittle in the Green Mountains of Vermont 
apparently justifies the following statements, which are summarized 
from his results: The lowest rocks described are Algonkian, which are 
divided into two series, m ascending order called the Mount Holly 
series and the Mendou series. Above the Mendon series is a Lower 
Cambrian quartzite.

The structure of the Mount Holly series is so complicated, the differ­ 
ent lock types vary so greatly, and the series has been subjected to 
such a multiplicity of erogenic movements, that no definite stratigra­ 
phy has been made out. Some of the prominent rocks of the series 
arebiotite-schist, muscovite-schist, garnetiferous schist, vitreous quartz- 
ite, angen-gneiss, and various kinds of limestone. The limestones are 
in irregular lenses, and are extremely local. There may be two hori­ 
zons of limestone or a dozen. The series, because of the undoubted 
areas of sedimentary rocks which have escaped destruction, are 
regarded as clastic. Associated with the above rocks are very abun­ 
dant schistose igneous rocks, comprising both dikes and sheets.

The Mendon series cou&ists, in descending order, of the following 
members. Mica-schist, with a maximum thickness of 1,000 feet; mica­ 
ceous quartzite, having a maximum thickness of 500 feet and carrying 
several thin beds of crystalline limestone; crystalline limestone, with 
a maximum thickness of 400 feet; conglomerate-schists and quartzite, 
with a maximum thickness of 700 feet. At Mendon the section has an 
approximate thickness of 1,300 feet, and in some localities there may be 
2,000 feet of strata in the series.

The Mount Holly and Mendon series are regarded as unconformable 
for the following reasons: Between the two there is great lithological 
difference; the Mount Holly series has been cut through by eruptive 
rocks in a complicated fashion, and these do not occur in the Mendon 
series; the Mount Holly series is folded in a much more intricate man­ 
ner than the Mendon series, and secondary structures have developed 
to a far greater degree; at the bottom of the Mount Holly series is a 
widespread formation of conglomerates and gneiss. The schistosity of 
the two series is parallel, but this is regarded as due to disintegration 
before the Mendon series was deposited and to post-Mendon folding.
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That the Mendon series and the Lower Cambrian quartzite, although 
apparently conformable, are really unconformable, is supported by the 
following reasons, among others: The extreme lithological diversity of

FIG. 155. Indented pebble from schist-conglomerate j from Plymouth, Vt. After Hitchcock.

the Mendon series as compared with the quartzite; a close folding 
in the Mendon series not observed in the quartzite; and the fact that 
the quartzite reposes discordantly upon granitoid gneiss to the south­ 
ward.

FIG. 156. Schist-conglomerate, showing pebbled character when cut transverse to the major direction 
of elongation and gneissoid character when cut in other directions; from Plymouth, Vt. After 
Hitchcock.

The main axis of the Green Mountains is described as a series of 
sharply compressed folds striking approximately north and south and 
overturned to the west in most localities, so that induced schistosity 
and stratification dip eastward.

The Green Mountains are of great interest in geology as furnishing
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one of the first published instances (1861) of complete proof of the 
development of a crystalline schist from a fraginental rock. Hitch­ 
cock described at Plymouth a schist-conglomerate m which the peb­ 
bles are elongated very much in the direction of their strike. He 
says they are flattened, but not so strikingly as elongated; they are 
indented deeply into one another (fig. 155); they are sometimes a good 
deal bent; they are cut across by parallel joints and fissures. At times 
the process has gone so far as to merge the pebbles together so that 
they scarcely present the appearance of ordinary pebbles. If the, con­ 
glomerate-schist is looked at on theedge corresponding to the dip,noth­ 
ing is seen but alternate folia of quartz and mica, and the rock would be 
pronounced a good example of a mica-schist (fig. 156). But a fracture 
at right angles reveals the flattened pebbles and shows that their edges 
are what have been regarded as folia. If the process of flattening 
had been carried a little further no evidence would remain that they 
were ever pebbles.

WESTERN MASSACHUSETTS

Although ill former years nearly all of the Green Mountain area of 
Massachusetts was placed in the Laurentiaii or Huronian divisions of 
the Archean, under the old usage of these terms, recent study has 
shown that only isolated patches of pre-Cambriau rocks occur in the 
area. The following information is kindly furnished me by Prof. B. K. 
Emerson. The succession is given from the top downward:

(1) Washington gneiss. This is a rusty, highly crushed, saccharoidal 
rock. Besides quartz and orthoclase it contains biotite, muscovite, and 
allanite. Interspersed laminae of blue quartz are also seen. These 
apparently formed after the mashing of the rock.

(2) Tyringham gneiss. This is a highly mashed biotite-gneiss.
(3) Bast Lea gneiss. This is a heavy, black, hornblendic rock, imme­ 

diately underlying the Hinsdale limestone.
(4) Hinsdale limestone. This is a coarsely crystalline rock, contain­ 

ing chondrodite, phlogopite, and coccohte.
(5) Hinsdale gneiss. This is a coarse, porphyritic, epidotic, and 

allanitid gneiss, in which microcline is abundant and some blue quartz 
is found. In many places it is much mashed.

These pre-Cambriau rocks are known in 13 areas in western Massa­ 
chusetts, as follows: The Clarksburg Mountain area, the Hoosac Moun­ 
tain area, the Hinsdale Township area, the Colesbrook Township area, 
the Tyringham Township area, the Bear Mountain area, 6 small areas 
in New Marlboro Township, and tlie Hartland area of Connecticut, 
which extends into Tolland Township, Mass.

Since the granitoid gneiss of these various areas is of similar litho- 
logieal character, and since the Hinsdale limestone is presumably of 
sedimentary origin, Emerson tentatively places the whole in the Algon- 
kian system.
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Besting with conformable secondary structures upon the pre-Carn- 
brian rocks of this district are great thicknesses of completely crystal­ 
line Cambrian, Silurian, and Devonian rocks, which include gneiss 
quartzite, limestone, and schist. In occasional areas of relief, as at the 
top of Hoosac Mountain and at the brook south of the Dalton Mountain 
club-house on the old Hmsdale-Dalton road, the basal formation is a 
quartzite-conglornerate which bears numerous fragments of the under­ 
lying gueissoid granite. This quartzite-con glomerate, and the fact that 
a basic dike was discovered which cuts the granitoid gneiss, but stops 
abruptly at the quartzite, the quartzite sagging down into its place, 
showing that it had been disintegrated before the deposition of the 
quartzite, are considered by Pumpelly as definite proof of an uncon­ 
formity between the Hoosac granitoid gneiss and the Cambrian quart­ 
zite.

That the Algonkiau is represented in Avestern Massachusetts is 
made highly probable by the crystalline limestone, but it does not 
follow that all of the gncissoid granite is of the same age. Much of it 
may be Archean. The unconformity at the base of the Cambrian was 
discovered with the greatest difficulty, and even if two nnconforinable 
series exist Avithin the pre-Cambrian this might not be discovered with 
the present state of knowledge. It seems safer to place in the Algon- 
kian only the pre-Paleozoic rocks, which are certainly of sedimentary 
origin, and to call the others pre-Cambrian (see pp. 714, 765).

It is beyond the scope of this paper to consider the succession of the 
crystalline Paleozoic rocks of Massachusetts. The district is, however, 
one of great interest as illustrating the principles of Part I as fully 
as any in.North America. In working out its structure important 
contributions to these principles were made and others of them were 
exemplified. Some of the more important of the principles illustrated 
are as follows:

In general the rocks of the district when deformed were in the zone 
of combined fracture and flexure, although some of the deeper-seated 
gianitoid gneisses constituting the core rocks may have been in the 
zone of flexure and flowage only. On account of the very great differ­ 
ence in the depth of burying and of the different resisting powers, the 
softer formations yielded mainly by flexure, while the harder forma­ 
tions yielded largely by fracture. In many cases certain formations as 
a whole obeyed the law of flexure, while in a minute way they were 
fractured through and through.

The published sections of the district show the folds to be composite 
and complex. The complex folds in cross-section, if taken in a large 
way, are found to be normal anticlmona and synclmona. As an illus­ 
tration of this may be mentioned the great antichnorium extending 
from the east flank of Mount Greylook across the Green River to the 
west side of the Taconic range, the structure of which was worked out 
by Dale (PI. CXVI). The Green River Valley is the center of the anti-
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clinorium, Mount Greylock being a synclinorium of the second order 
upon the eastern flank of the great primary auticlinorium, while the 
TaconicMountains are another 
synclinorium upon the west­ 
ern flank of the same. The __ j 
axial planes of the secondary I IJ 
folds of Mount Greylock, as Ulii j 
compared with the axial plan es 
of the secondary folds of the 
Taconic range, diverge up­ 
ward and converge downward. 
Carrying the section still 
farther east (fig. 157), the 
Greylock folds and the sec­ 
ondary folds on the west side y 
of Hoosac Mountain may be £ 
considered as a normal syn- ^° 
clinorium, the axial planes on ? 
the opposite sides of the syn- | 
clinorium converging upward a > 
and diverging downward. If " j 
Hoosac Mountain be taken by g OK] * 
itself, and the secondary folds g HVrJ jj 
on its flanks making a part of ^ - 
the syuclinorium be consid | £ 
ered as a part of the Hoosac |. 
anticlinorium, the folds are I 
again in a normal position and P 
Hoosac Mountain is a normal f 
anticlinorium. In the sections ^ 
cecondary folds are not fig- ^ 
ured as occurring on the east- | 
em flank of Hoosac Moun-   
tain. As another illustration 
of a normal anticlinorium may
be mentioned Mount Wash- SMfiM %%'% : / 
ington, of Massachusetts, the 
structure of which has been p 
worked out by Hobbs. The $ 
central section is a typical | |H 
normal anticlinorium (fig. 158). |f||3 Jf 

These composite folds are c 
also complex, the transverse 
folding in some cases being 
rather severe. This cross-folding is well illustrated by Hoosac Moun­ 
tain, by Greylock Mountain, and by Mount Washington, and perhaps
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best of all by the flexures of the Eiga schist, worked out by Hobbs 
(fig. 159). At many localities folds of many orders may be seen, from 
the greatest anticlinorium mentioned, the Green Biver anticlinorium, 

to microscopic plications. On any of the mountains 
above mentioned the different orders of folds may be 
well observed.

The rules for the working out of the structure of 
complexly folded districts are fully exemplified. At 
the north and sonth ends of Hoosac Mountain and 
south of Clarksbnrg Mountain, because of the cross 
folding, transverse strikes characteristic of pitching 
folds may be found (fig. 160). The folding of the 
Eiga schist (fig. 159) shows the advantage of exam­ 
ination of the crests of ridges. The low ground at 
the north and south ends of Hoosac and Greylock 
and the south end of Clarksburg Mountain illustrate 
the cross topographic breaks which are likely to occnr 
in districts which are complexly folded. In the schists 
of Greylock Mountain the discordance between the 
strike of cleavage and the strike of bedding may be 
observed. On the flanks of Washington, Hoosac, and 
Greylo'ck mountains are found many minor folds, the 
degree and direction of the pitch of which correspond 
with the major folds.

The obliteration of unconformity by folding is nicely 
illustrated at Hoosac Mountain upon the flanks of the 
fold. The structure of the granitoid gneiss and that 
of the Cambrian quartzite are identical, and one ap­ 
pears to grade into the other; and yet on the crest of 
the anticline, which is an area of little differential 
movement, there is, as has already been said, com­ 
plete evidence of unconformity.

Nearly all of the relations described between cleav­ 
age and fissility and the original structures and their 
different methods of. production are illustrated at 
many localities in this district. Many of these have 
been described by Dale, others by Hobbs. Dale has 
especially illustrated fault-slip cleavage, or, as it is 
here called, fissility (figs. 161, 162; see also figs. 90 
and 91, Dale, in previous paper, pp. 563-564). The 
modification of the secondary strnctures by infiltra­ 
tion, thns prodncing banding, has been described by 

Hobbs as occnrring at Searles quarry in a gneiss (PI. CXVII), and by 
Dale, in a slate. The Searles gneiss is at the bottom of a syncline, where 
the primary and secondary structures are likely to be found cutting 
each other, while upon the legs of the fold a short distance away the two



U. 8. GEOLOGICAL SURVEY SIXTEENTH ANNUAL REPORT PART I PL CXVII

BANDED GNEISS NEAR HOPKINS-SEARLES MARBLE QUARRY AT GREAT BARRINGTON, MASSACHUSETTS 

The plicated layers are probably beds, and these are cut by the secondary banding Photograph by Hobbs.
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structures are in accordauce. The relations of faults to fissility or slip 
cleavage are well illustrated by the accordance of the fissility with the 
repeated faults in the Housatonic Valley, described by Hobbs. 1

Jioostic. 
ScJnft.

FIG. 160. Map showing the transverse strike at the ends of the pitching 
folds at Hoosac Mountain. After Pumpelly.

All of the processes of metamorphism of sedimentary rocks are well 
illustrated in the various districts. They have been described with 
particular fullness of the areas of Hoosac, Greylock, and Washington

FIG. 161. Thin section showing cross fissility in Greylock schist. After Dale.

mountains and of the Housatonic Valley. To point out iu detail the 
particular localities in which each principle is illustrated, and in what 
manner it is illustrated, would very greatly extend this paper.

' The Geological Structure of the Housatonic Valley, hy William H. Hobhs, Jour, of Geol., Vol. !  
pp. 780-802, especially PI. VI, p. 789. 

16 GEOL, PT 1   53
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SOUTHEASTERN NEW YORK.

In southeastern 'New York the following summary has been kindly 
furnished me by Mr. F. J. II. Merrill:

The crystalline rocks of southeastern New York occur in Dutchess, 
Putnam, Westchester, and New Yrork counties east of the Hudson 
River, and in Orange and Eockland counties on the west of that river. 
The lowest rock in this district is a coarse hornblende-granite, which 
forms the central axis of the range of mountains known as the " High­ 
lands of the Hudson." On the flanks of these granite masses, which 
are probably intrusives of great age, are laminated biotitic and horn- 
bleudic gneisses, consisting chiefly of quartz and orthoclase feldspar.

FIG. 162. Minor plications in trough of Greylock syncline cut 'by cross fissility. After Dale.

These gneisses contain numerous masses of magnetic iron ore. They 
are probably of pre-Cambrian age.

On the northern slope of the " Highlands " these gneisses at many 
places in Dutchess County are overlain unconformably by a basal 
quartzite, which is believed to be of Lower Cambrian age. The qnartz- 
ite is bordered by Ordovician limestone, and over this are schists or 
slates. To the southward, in Westchester and New York counties, the 
old gneissoid granite, which has been called the Fordham gneiss, is found 
in anticlinal folds trending northeast and southwest. This is overlain 
by two formations, limestone and mica-gneiss. These occur in synclines 
between the anticlinal ridges. Beneath the limestone is a thin layer of 
qnartzite, rarely exceeding a foot in thickness, which may be regarded 
as the base of the Paleozoic in this district. The limestone designated 
the Inwood limestone is dolomitic, and in general is highly metamor­ 
phosed, coarsely crystalline, and at many places contains silicates. At
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most localities it exceeds 1,000 feet m thickness. The overlying mica- 
gneiss, called the Manhattan gueis-, differs in general from the lower 
gneisses 111 the great abundance of mica, garnet, stanrohte, flbrolite, 
and cyauite are fiequeut accessories.

The relations of the basal qnartzite, Inwood limestone, and Manhat­ 
tan gneiss to the Fordhaui gneiss are precisely similar to those of the 
Paleozoic strata in Dntchess County to the subjacent gneiss. It is 
therefore mfeired that the Inwood limestone and Manhattan gneiss 
aie equivalent to corresponding rocks in Dntchess County. The age 
of the limestone there has been determined, by the work of W. B. 
Dwight and others, to be Calciferous-Trenton. The overlying schists 
and the micaceous gneisses are presumed to be of Hudson Eiver age.

Besides the old granite first mentioned, there are within the, district 
numerous eruptive rocks of considerable areal importance. Eed granite 
intersects the older gneiss at various points from Sing Sing southward, 
and at Sing Sing it cuts the oveilymg limestone. In Yonkers Town­ 
ship is a large area of reddish gneissoid granite, which is surrounded 
by the Fordham gneiss, and may be regarded as a portion of the red 
granite above mentioned.

The Manhattan gneisses have been especially subjected to igneous 
intrusions, and within their area occur the Cortlaud series of diorites 
and norites described by J. D. Dana and G-eorge H. Williams. In the 
town of Harrison aie extensive ontcrops of mica-dionte, and near 
Port Chester and New Bochelle are areas of serpentine, which is evi­ 
dently an alteied plutomc rock. Serpentines also occur on Stateu 
Island and at Hoboken. In Eastcliester and Westchester townships 
the schists are divided by domes and bosses of gray granite, and in 
this area they are almost everywhere injected with veins, lenses, and 
dikes of pegmatite, amphibolite, and pyroxemte.

In a synclinal valley of the ' ; Highlands" which crosses the Hudson 
Eiver a little below West Point is a crystalline limestone associated 
with the gneisses, and containing magnesian silicates. These have 
been hydrated at many points and converted into serpentine, winch 
appears in irregular masses in the limestone. The age of this lime­ 
stone has not been determined.

In a general way, I have studied the rocks of Manhattan Island and 
vicinity. Their folding is of the most complicated character. The 
synclmes and anticlines are highly composite, having folds of a second 
order upon those of the first, and upon these those of the third order, 
and so on to microscopic plications. In some places the secondary 
aiitichnoria and synclmoria are overturned or recumbent. Moreover, 
the folding is highly complex, since the longitudinal folds are trans­ 
versely folded, giving pitches in places as high as 60° or 80°, but 
ordinarily having lower pitches, in some places not exceeding 18° or 
20°. The pitch of the folds is shown by innumerable minor plications. 
As a consequence of the pitch the luwood limestone wraps about the
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ends of the areas of the Fordham gneiss at various places, ami at 
such places a depression is sure to occur. Thus the'principle of the 
relations of complex folds and topographic cross-breaks is beautifully 
illustrated. In some places such topographic breaks occur even where 
the limestone IB now absent, the cross valley apparently having first 
formed upon the limestone. Subsequent erosion removed the lime­ 
stone, so that the valley is now upon the gneiss, and in such cases the 
minor folds of the Fordham gneiss may be seen to pitch on either side 
toward the cross valley. The schistosity «f the Manhattan gneiss 
accords very nearly with bedding upon the limbs of the folds, but upon 
the crests and troughs nearly vertical schistosity may be seen to inter­ 
sect the iniuor folds of the minutely plicated bedding layers of the 
gneiss.

It is plain from the foregoing that this district is one of the best 
known in which to study the principles of highly complex folding and 
the relations of primary and secondary structures.

The Manhattan formation gives one of the best illustrations in 
America of a gneiss partly of aqueous and partly of igneous origin. 
About New Eochelle on the west end of Long Island Sound and cer­ 
tainly for a considerable distance east along the Sound the Manhattan 
schist is much injected by granite. This granite occurs in large domes, 
in veins and m dikes, and in parallel injections inter laminated with 
the schist, oftentimes a score occurring within a few inches. In many 
places this injection is so close as to change the rock from the ordinary 
Manhattan schist to a regularly banded gneiss. In other places the 
parallel bands of granite are wider, varying to several feet across. 
Some ledges are almost wholly of granite, containing little included 
schist, while others are almost wholly of schist, having been but little 
injected by granite. In the places in which the parallel injection is 
the closest the Manhattan schist to a remarkable degree simulates the 
appearance of the Fordham gneiss, which is of unknown origin. While 
this is true, there are certain differences, even when the two are most 
alike. In the Manhattan there is an abundance of mica and the char­ 
acteristic minute lamination, while the Fordham has everywhere a cer­ 
tain density and uniformity which the Manhattan lacks. We thus 
have in this area a gueissic rock partly of sedimentary and partly of 
igneous origin, and in certain areas it is very difficult indeed to dis­ 
criminate the metamorphic igneous from the metamorphic sedimentary 
material.

THE HIGHLANDS OF NEW JERSEY

The relations of the gueissoid granites and gneisses of the Highlands 
of New Jersey to the Potsdam sandstone are such as to make it cer­ 
tain that betweeu them there is a great structural break. The rocks of 
the area consist largely of granitoid gneiss, in general very nearly 
massive, but having a laminated arrangement of the mineral constitu­ 
ents. The strike of the lamination conforms closely with the trend of
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the area as a whole, being east of north and south of west. The gneisses 
over large areas are graphitic. Interlamiuated with them are beds of 
iron ore and apparently beds of crystalline limestone. They are cut 
by vanovis basic and acidic eruptives.

The weight of opinion in former years has been in favor of the sedi­ 
mentary origin of this gneissic series. Nason, who has recently been 
closely studying the limestones of New Jersey, finds that some of the 
white crystalline limestones which have been regarded as Archean 
grade into the bine limestones which are fossiliferous. Others insist 
that some of the white limestones belong with the gneisses. If all of 
these limestones were excluded from the pre-Cambrian, and this is a 
very doubtful assumption, the widely disseminated graphite and the 
magnetic iron ore would still remain as indications of the sedimentary 
origin of the Highland area. Magnetite is widely associated with 
certain belts of the gneisses of New Jersey, but this and its concentra­ 
tion in lenticular masses within the gneisses in the form of magnetite 
can hardly be considered as decisive evidence of their sedimentary 
character. The magnetites associated with the basal gabbros of the 
Lake Superior Keweenawan are in purely igneous rocks. The graphite 
of the graphitic gneiss is a point of more weight. The absence of 
graphite as an important constituent over large areas in any gneiss 
definitely determined to have been derived from granite, bears in favor 
of the sedimentary origin of the gueissic series. Recent studies by 
Wolff give further evidence for the view that the series is a sedimentary 
one. He finds that the rocks in the vicinity of- Hibernia consist of 
distinct bands of gneiss. These layers were once nearly horizontal, 
and are folded into an anticlinal dome which has the characteristics of 
ordinary folds, and has a distinctly recognizable pitch. The rocks of 
the series have a top and bottom, the latter being at the center of the 
dome and the top ones at the periphery. One characteristic horizon, a 
garnet-biotitc-graphite gneiss, must once have existed over a large part 
of the present area, and the same is probably true of the lower horizons.

If the Highland gneiss proves to be a sediment, it more nearly 
approaches a mashed eruptive than any other metamorphic sedimentary 
rock known. Upon the whole, in the regularity of its lamination, in 
its lack of extreme contortion and foliation, and in the presence of 
graphite, the Highland gneiss is not like the genuine Archeau of Can­ 
ada and the West. However, there are no certain criteria upon which 
it can be referred either to the Algonkian or to the Archeau, although 
the weight of evidence is in favor of the former.

SOUTH MOUNTAIN OF PENNSYLVANIA

As shown by the recent work of Walcott, Williams, and Miss Bas- 
corn, the oldest rocks in South Mountain of Pennsylvania are felsites 
and basalts, the former being predominant. Both of these vary from 
compact to amygdaloidal, and are accompanied by tuff's and breccias.
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The volcamcs have been extensively transformed into slates and schists 
by dynamic action. These are uncouformably overlain by quartzite- 
couglomerates and sandstones, or by shales, which bear the Oleiiellus 
fauna..

It therefore follows that the volcanic series of South Mountain is pre- 
Cambrian, although as yet no evidence is available to give the series a 
more definite place than this, and it may be Algonkian or Archeau.

THE PIEDMONT PLATEAU OF MARYLAND

The structure of the Piedmont Plateau of Maryland, as given by 
Williams, is as follows. The rocks composing the plateau are divisible 
into two classes, an eastern holocrystalline division and a western 
seiuicrystallme division. The rocks of the holocrystalline division com­ 
prise gabbro, periclotite or pyroxeuite, and granite all certainly erup­ 
tive and gneiss, marble, and quartz-schist all completely crystalline, 
and therefore exhibiting no certain traces of clastic structure. The 
gneiss is the prevailing rock. The eruptive rocks are intrusive in the 
gneiss, marble, and quartz-schist. The highly crystalline marbles are 
of the same age as the gneisses, and are infolded with theni. The 
gneiss everywhere shows intense and repeated folding. Where the 
granites have been greatly foliated by the dynamic action, and are asso­ 
ciated with gneisses, it becomes difficult to discriminate between them.

The western division of semicrystallme rocks consists of sandstones, 
slates, sericite-schists, limestone, and marble. At their western margin 
they are little altered, and have the same character as the sandstones, 
slates, and limestones of the Blue Eidge, of which they are believed to 
be the metamorphosed equivalents. The Blue Eidge sedimentary 
rocks have been determined by fossils to be of Paleozoic age.

The schistosity of the rocks of the Piedmont Plateau has a radiating 
or fan-like structure. The axial plane of the fan is diagonal to the 
boundary between the crystalline and semierystalhne rocks. The axis 
of the fan is throughout in the semicrystalhue looks, the western flank 
being made up of the least crystalline and the eastern flank of the 
most crystalline portion of the Piedmont district.

As to the age of the eastern or holocryscallme series Dr. Williams 
was inclined to believe it to be Algonkiau on account of the presence 
of crystalline limestones. While it seems probable that there are 
Algonkiau "rocks in this crystalline complex, it can not be said to be at 
all certain that Archean rocks do not here also exist. The folding is 
so complex and inetamorphism is so intense that it is difficult to every­ 
where discriminate between the gneiss supposed to be of sedimentary 
origin and the granite, which in its typical form is certainly of igneous 
origin. In the same way a clastic series of which the limestones are a 
part may be infolded with a more ancient Archean series.
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THE BLUE RIDGE OF THE POTOMAC RIVER

The core rocks of the Blue Ridge where crossed by the Potovnac 
Eiver and in the adjacent areas of Maryland and Virginia, as described 
by Keith, consist of a rock called the Catoctni schist, which is intruded 
by granite, quartz-porphyry, and audcsite. The Catoctm schist is an 
altered basic volcanic rock which varies 111 stiucture from rather mas­ 
sive to thoroughly schistose and from dense to amygdaloidal. Exten­ 
sive areas of this schist are intruded in the most intricate manuer 
by the granite. The schist is also intruded by rarer areas of quartz- 
porphyry aud by audesite. The whole has been subjected to the most 
intense dynamic action, which in many places has transformed the 
eruptive basic rock and the granite alike to a completely crystalline 
schist. Keith's descriptions show that the deformation developing 
schistosity in connection with folding, and 111 the more rigid beds the 
deformation of faulting combined with folding, are well illustrated.

The whole of the Blue Ridge pre-Cambrian is referred to the Algon- 
kian by Keith, but as there are no sedimentary rocks associated with 
the igneous series of the Potomac River, we have no certain evidence 
as to whether it is Archeau or Algoukian. It therefoie seems wiser 
at the present state of knowledge to assign it a place no closer than 
the pre-Cambrian.

THE SOUTHEASTERN AREA.

It has already been stated that in the Southern States is a belt of 
seimcrystalline and holocrystalline rocks, in its broader parts 100 miles 
wide, including the Piedmont Plateau and a part of the Southern 
Appalachians, and running from northern Virginia to northeastern 
Alabama. All of the rocks of tins area were regarded by the earlier 
geologists as pre-Cambrian, and by various writers have been distrib­ 
uted between the Huroniaii and the Laurentian. A closer study has 
shown, just as in the Northern Appalachians and in New England, 
that this complex mass of rocks probably varies 111 age fiom the 
Archeau to the Paleozoic. As yet no maps or reports have been pub­ 
lished of sufficient accuracy so that the stratigraphy can be said to be 
determined.

However, in making a cross-section of the plateau aud the Appala­ 
chians at almost any locality, one finds belts of rocks which are alter­ 
nately completely crystalline smd semicrystalline. The completely 
crystalline areas consist mainly of gneissoid granite, with a great 
variety of other rocks. These include massive rocks, such as granite, 
syenite, gabbro, and diabase; and schistose rocks, such as uiica-gneiss, 
hornblende-gneiss, chloritc-gneiss: and othei varieties. All of these 
have most intricate structural relations. The semicrystalline series 
includes limestones, quartzites and quartz-schists, conglomerates and 
conglomerate-schists, mica-slates, and mica-schists. A great variety 
of basic and acid igneous rocks, massive aud schistose, intrusive and
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extrusive, may be associated with any of these rocks. While the schis- 
tosity of the rooks of the semicrystalline and holocrystalllne areas are 
frequently conformable, the change from -one series to the other is m 
many places sudden and marked. In some areas, as for instance west 
of the Cranberry mine, as shown by Mr. Keith, a set of quartzites and 
conglomerates, with associated volcanic rocks, are sharply separated 
in their distribution from the surrounding gneissoid granites.

The gneissoid granite areas, in the ^vide variety of rocks of which 
they are composed and the complexity of their structures, have all 
the lithological aspects of the Archean. The rocks of the sedimentary 
areas are in most cases in all probability of later age than this granite- 
gneiss-schist complex, but as yet accurate determinations of their age 
have been made in only a single area. In central Virginia, as shown 
by Darton, some of them are Ordovician, as is proved by fossils con­ 
tained. In other areas they may be even of later age, or as old as the 
Algonkian. In the present very imperfect state of knowledge, to call 
the whole Algonkian or Archean or even pre Cambrian is wholly 
unwarranted. To map them as belonging in any oue of these divisons 
retards instead of advances knowledge, since it gives an impression 
that we have definite knowledge, and this tends to check further 
investigation.

On the western side of the Southeastern Area is a great series of 
rocks running from east of Knoxville to Alabama, named by Safford the 
Ocoec series, which has been generally referred to the pre-Cambrian. 
At the northeastern end of the area the rocks are less altered than in 
the southwestern part. The rocks of the Ocoee series m the unmeta- 
inorphosed district consist predominantly of conglomerates, quartzites, 
graywackes, slates with limestones, and jn the metamorphosed districts 
these have been transformed to conglomerate-schists, quartz schists, 
mica-schists, mica-slates, and marbles. The following is taken from 
Keith. He divides the series into the following formations in ascend­ 
ing order: Wilhite slate, 300 to 400 feet thick; Citico conglomerate, 
50 to 800 feet thick; Pigeon slate, 1,300 to ] ,700 feet thick; Cades con­ 
glomerate, about 2,400 feet thick; Thunderhead conglomerate, about 
3,000 feet thick; Hazel slate, about 700 feet thick, and the Clingman 
conglomerate, about 1,000 feet thick. The rocks of the Knoxville area 
at some places have been deformed by thrust faults and complex folds, 
and are metamorphosed. The transverse folds are desciibed as having 
dips fully as steep as the longitudinal folds. As a result of the meta- 
morphiam there has developed slatiuess or schistosity, which generally 
dips to the southeast from 50° to 00°. These secondary structures in 
some places coincide with bedding, but in other places do not.

As yet the age of this great series is undetermined. In some places 
it is faulted over the Paleozoic rocks; in others it overlies the Silurian 
rocks in apparent conformity and has been folded with them, but 
whether this is due to faulting and subsequent folding or to natural
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superposition has not been decided. The Ocoee series may be, so iar 
as definite knowledge is concerned, either post-Silurian or Algoukiau.

The Ocoee series furnishes one of the best exhibitions of regional 
metainorphism in the United States. The rocks vary from little altered 
limestones, slates, grits, and sandstones, to inica-slates or mica-schists, 
graywackes, quartzites or quartz-schists, and marbles. However, in 
most cases the metamorphism has not gone so far as to make the rocks 
completely crystalline schists; that is, they show microscopically il not 
macroscopically clastic characters.

During the folding of the rocks they were sufficiently buried so that 
they were in the zone of combined fractuie and flowage. As the dif­ 
ferent clastic formations of the series vary from what were once soft 
and homogeneous muds to coarse-grained sandstones and conglom­ 
erates, as the amount of metamorphism is variable, and as the series is 
of great thickness, it would be expected that various phenomena of 
folding and. of the relations of cleavage and fissibility to bedding in 
homogeneous and heterogeneous rocks would be well exhibited, and 
such is the case. A few of the principles best illustrated along the 
Hiwassee Eiver between Thompson and Livingston are as follows:

The softer, more plastic layers obey almost perfectly the laws of 
flowage. The stronger, less plastic layers in their general deformation 
obey the laws of flowage rather than fracture, although their new 
positions are taken, in part at least, by numerous minute fractures. In 
the eastern, more gently folded area the heavier beds are in gentle 
curves, and in the closely folded part of the district they are turned 
back on themselves, oftentimes within their own radius, in some cases 
with no macroscopic sign of fracture.

The control which stronger layers have over weaker ones is beauti­ 
fully illustrated. The thinner and weaker the beds, the more frequent 
and close are the plications. These strata were obliged to thicken and 
thin as demanded by the stronger rocks. In a given weak bed the 
plications are much more numerous along a trough or crest than along 
the limbs of the fold. On the contrary the strong beds in many 
cases were stietched upon the anticlines a.nd synclines to the point of 
fracture. These fractures in the more closely folded anticlines are 
frequently radial, and have subsequently been filled by quartz veins. 
In all cases the limbs are the places where shearing due to accommoda­ 
tion was at a maximum. As a consequence the troughs and crests are 
now thicker than the limbs of the folds. This is true even where the 
troughs and crests were deformed by tensile fracture, for the beds are 
here separate pieces of full thickness joined by the infiltrated quartz 
(fig. 136). In the closely folded part of the section vein quartz which 
filled a first set of fractures was closely plicated by 'a second folding. 
This folding produced other fractures which were subsequently filled 
with quartz veins showing 110 dynamic effects. This indicates that the 
closely folded part of the district was subjected to two erogenic move­ 
ments separated by a long interval of time.
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Almost every principle given as to the relations of primary to sec­ 
ondary structures in the zone of combined fracture and flowage is 
beautifully illustrated. Some of these are the concentration of the 
major leadjustments in the weaker beds; the formation of parallel 
cleavage and fissility in the weaker beds, and of diagonal cross-fissihty 
in the stronger beds; the passage of one into the other by rotation; 
the prevalence of cross secondary structures at the troughs and ciests 
of folds, and the tendency toward parallel structures on the limbs of 
the folds.

The early stages of the formation of pseudo-conglomerates are shown 
by the close infoldmgs of thin layers of hard material and thicker layers 
of soft material. The hard material was first dissevered by the move­ 
ments into angular fragments. When the movement continued these 
were rounded.

In other districts in the South formations occur which by contained 
belts of schist-conglomerate are definitely proved to bo of clastic 
origin, and these gradually pass into unmistakable crystalline schists. 
These transitions weie clearly described and their meaning definitely 
pointed out by Eiumons and Lieber, respectively, in 1856 and 1858.

More remarkable than this is the discovery by Emmous and Lieber 
that hornblende-schists and other schists aie metamorphosed erup- 
tives. These rocks are said sometimes to be as thinly laminated as 
paper, and are compared with slates; but their occurrence in dikes 
within the granites, and their gradations into the ordinary massive 
forms, demonstrate them to be later igneous rocks. These conclusions 
were not based upon petrograplncal work, but upon careful field study. 
The microscope in recent years has shown accurately the method of 
change; but that the change does occur from a massive eruptive rock 
to a thoroughly schistose one was proved beyond a doubt by these men 
before I860.

Emmons and Lieber further appreciated that the gneissoid granites 
in their lithological affinities, as well as by actual transitions, belong 
with igneous granitic rocks rather than with the sednnentaries. 
Emmons also reached the same conclusion for the South which Emer­ 
son demonstrated many years later for the New England States, that 
there are two granites, one of which is more ancient than the elastics 
and the other intrusive within these. According to Emmons, the 
ancient form is predominant, but in certain localities granite was pro­ 
jected through fissures like other intrusive rocks.

The great discovery that regularly laminated rocks are pioduced by 
the metamorphisin of eruptive rocks as well as from sedimentary rocks 
naturally carried the discoverer too far in the application of the prin­ 
ciple. Emmons included m the metamorphic igneous rocks many nuca- 
schists, slates, and limestones, for which he gave no evidence what­ 
ever. Lieber's discrimination between the metamorphic igneous and 
metamorphic-sedimentaiy locks was much more satisfactory. But 
Emuions's general statements as to the small value of lamination alone
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in rocks as an evidence of origin aud the method of strati graphical 
work in the crystalline rocks can hardly be improved upon at the 
present day. Says this writer: "Bocks of igneous origin are oiteu- 
niassive, but also are frequently laminated, and laminated rocks are 
frequently called stratified, but this latter term should be restricted to 
the sedimentary rocks. The metarnorphic rocks are excluded from the 
sedimentary classification, because all rocks may become metamorphic, 
and a stratum metainorphic in one locality may not be metamorphic m 
anothei. The highest proof of the age of rocks is the order of super­ 
position. When this method can be applied it is paramount, but 
paleontology may be used subject to proper principles."



FLOW AND FRACTURE OF ROCKS AS RELATED TO
STRUCTURE.1

BY LBANDBR MILLER HOSKINS.

CONDITIONS OF FLOW AND OF FRACTURE.

I NECESSITY OF ASSUMPTIONS REGARDING PROPERTIES OF
ROCK MATERIALS

In order to discuss the conditions under which rocks will ruptuie or 
flow, some assumptions must be made in regard to the properties of 
the material. These properties are but imperfectly known, even under 
the conditions prevailing at the earth's surface; much less can they be 
known under the conditions of great pressure and possible high tem­ 
perature existing at great depths below the surface.

Experiments on the rupture of materials under simple couidtions of 
stress are necessarily limited mamly to the application of great forces, 
either tensile or cornpressive, in a single direction. Such forces produce 
quite different effects in different substances. Certain general princi­ 
ples have, however, been established, which will be taken as the start­ 
ing point of the following discussion.

II PROPERTIES OF MATERIALS UNDER ORDINARY CONDITIONS 
OF PRESSURE AND TEMPERATURE

If a body is subjected to normal stress in one direction, being unsup­ 
ported in other directions, it is perfectly elastic until the intensity of 
normal stress reaches a certain limiting value, called the elastic limit. 
This "perfect elasticity" means that for stresses less than the elastic 
limit the deformation is not permanent, but disappears if the stress 
becomes zero.

If the intensity of stress exceeds the clastic limit, the deformation is 
partly permanent. On a removal of the deforming forces the body is 
found to have assumed a new form; there has been a flowage of the 
material. If the deforming forces be reapphed, the body exhibits prop-

1 The circumstances should probahl> be explained under  whiuh Professor Huskins wrote this article 
Iii repeated conferences and letters I explained to him, so far as 1 w is able, the geological phenomena, 
and asked him to dis( nss the physical relations This paper is the result It has heen of the greatest 
assistance to me, especially in the piepaiation uf sections I and III Without Professor Hoskins's 
papei these would have beeu far more imperfect than they now are C K V H

845
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erties very similar to those it possessed originally; it is elastic, tending 
to return to this new form, but the elastic limit has a new value.

If the deforming forces (and the accompanying normal "stress) are 
increased, rupture will finally occur; the body will separate into two or   
more distinct parts. The greatest intensity of normal stress existing 
before rupture is the li edking strength of the material. The rupture 
may be either normal or tangential; i. e., the separation may occur 
along planes of normal stress or along planes of tangential stress. If 
the deforming forces are tensile, the rupture is usually normal; if they 
are compressive, rupture will be tangential, occurring by sliding along 
planes diagonal to the direction of normal stress.

These properties are not exhibited in perfection by rock materials 
under the ordinary conditions of experiment No well-marked elastic 
limit can be observed, and the rock will rupture without any observable 
amount of flowage. It is probable, however, that the long-continued 
application offerees not great enough to produce rupture would cause 
a distinct amount of flowage, resulting in a permanent deformation. 
This is evidenced by the sagging of stone beams which have been m 
place for long periods of time.

Time is thus an important element affecting the behavior of rocks 
under stress, and an element regarding whose effect we are in almost 
entire ignorance. It may, however, be assumed as probable that long- 
continued forces may produce flow without rupture, while greater forces 
would produce immediate rupture without sensible flow.

Ill PROPERTIES OF ROCK MATERIALS UNDER GREAT PRESSURES 
AND HIGH TEMPERATURES

The stress conditions of rocks buried beneath the surface of the earth 
are less simple than those above supposed. These conditions doubt­ 
less vary throughout any considerable volume, being dependent in 
general upon very complex causes. Throughout any small portion of 
the rock the stress condition may, however, be regarded as sensibly 
uniform. At any point three mutually perpendicular planes exist 
upon each of which the lesultant stress is normal; these are the^rm- 
cipal planes of stress./ A cube of the rock with faces parallel to these 
three planes is under compression or tension in three rectangular direc­ 
tions. In general, the intensities of these three piiucipal stresses are 
unequal. The difference between the greatest and least of them may 
be called the stress difference. If two of them are zero, the case is that 
already discussed. What relation must subsist among the three prin­ 
cipal stresses in order that rupture may occur, and what in order that 
flowage may occur, are the questions to which the present discussion 
pertains.

First, it may be assumed that if the three principal stresses are 
equal there will be neither rupture nor flow, however great the inten­ 
sity of the stresses. The density will decrease as the stresses increase,
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but no distortion nor breaking will result. Enpture and flow are m 
somfc way related to the stress-difference. 1

Further, it beein^ reasonable to suppose that for a small difference 
between the principal stresses the body if solid will be elastic. If the 
stress-difference is gradually increased a limit will doubtless be reached 
at which there will be either permanent distortion (that is, flowage) or 
rupture. Jt may be that there will be first fiowage and then mpture; 
or it may be that rupture will occur before there has been sensible 
flow. Again, it may be that whether or nut there is flow before ruptuie 
depends upon the time element, so that flow would accompany a rela­ 
tively small stress-difference if long continued, while a greater stress- 
difference would be accompanied by immediate rupture without sensible 
flow.

If the three principal stresses all become very great in intensity, 
what is the effect upon the properties of the body! The molecular 
structure is doubtless changed in some mauuei, but the effect of this 
change upon the elastic properties of the material must be largely a 
matter of eonjectuie. It seems probable, howevei, that the greater the 
pressures the greater the distortion that will take place befoie rupture, 
and that if the applied pressures exceed a certain limit rupture will 
be impossible. What this limit is there are no means of estimating. 
The body may still act as a perfectly elastic solid when the stress- 
difference is sufficiently small; there may still be a definite elastic limit, 
and its value may be comparable to that which exists under ordinary 
conditions. But beyond this limit permanent distortion begins, and 
continues indefinitely without rupture so long as the stress-difference 
exceeds the elastic limit.

Whether great pressure tends to aid or to prevent liquefaction can 
not be known apart from experiment. Certain known bodies (ir.ueh as 
water) expand in solidifying; the solidification of such bodies is retarded 
by pressure. It is probable that the reverse holds true with the major­ 
ity of bodies, including rock materials.2 Probably, therefore, the enor­ 
mous pressures to which deeply buried rocks are subjected tend to cause, 
or to maintain, a condition of solidity. On the other hand, the high 
temperatures existing at great depths doubtless tend to cause, or to 
maintain, a fluid condition. Our knowledge of the properties of rock 
materials is not sufficient to enable us to determine deductively the

'"The precise circumstances undei which elastic solids break have not hitherto boon adequately 
investigated by experiment It seems certain that rupture can not take place without ditterence ot 
stress in different directions One essential element therefore is the dillerence between the greatest 
and least ot the three principal stresses How much the tendency to break is influenced by the 
amount of the intermediate principal stress is quite unknown The difference between the greatest and 
least stresses may, however, be taken as the most important datum for estimating tendency to break 
Tins difference has been called by Mr G H Darwin the l stress ditlerence '" Thomson and Talt, 
Natural Philosophy, Part II, p 123, edition ol 1890

' That this is true of diabase has been shown experimentally by C Barns (Bull U S Geol Snrv , 
No 1031 The bearing of the results of Barus upon the question of the sohditj of the earth is discussed 
by Claience King in a paper on the age ot the earth, American Journal ot Science, 3d ser , Vol XLV, 
1893, p 1
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resultant effect of these two opposing tendencies. There is, however, 
indirect evidence that the earth possesses a high degree of rigidity. 
From a discussion of tidal observations, Prof. G. B. Darwin 1 concludes 
" that, whilst there is some evidence of a tidal yielding of the earth's 
mass, that yielding is certainly small, aud that the effective rigidity 
is at least as great as that of steel." Other evidence pointing in the 
same direction has been discussed by Kelvin in several papers.

The stress-differences due to tide-generating forces not being perma­ 
nent in intensity and direction at any given point 111 the earth's mass, 
the question might be raised whether the observed rigidity is that of a 
true solid or of a highly viscous liquid, it being well known that cer­ 
tain bodies are highly rigid under temporary deforming forces, even of 
considerable magnitude, while yielding slowly but continuously under 
much smaller permanent forces. That the earth is a true solid of con­ 
siderable strength has been inferred from the magnitude of the surface 
inequalities. It is concluded by Darwin 2 that inequalities of the mag­ 
nitude of Africa, the Atlantic Ocean, and America must, by the action 
of gravity, cause permanent stress-differences in the earth's interior 
comparable with the strength of the strongest known rocks. On the 
other hand, many geologists attribute these major inequalities of eleva­ 
tion to differences of density between the continental and the oceanic 
portions of the earth's crust.3 While it seems unlikely that the distri­ 
bution of density is such as to wholly relieve the interior portion of the 
earth from stress-differences, no reliable estimate can probably be made 
at present of the actual rock-strength necessary to sustain the surface 
inequalities. The supposition of solidity with a considerable degree of 
strength is, of course, not incompatible with the theory of isostacy.

If the properties of the rock are such as have been assumed above, 
it is obvious that there is no distinct separation into a zone of fracture 
and a zone of flow. Flowage and fracture may be going on simul­ 
taneously in the same region, a flow taking place under the action of 
forces not great enough to cause immediate rupture, while fracture is 
occurring where the rock is subjected to the action of greater forces.

IV. CONDITIONS FOR THE EXISTENCE OF CAVITIES

In considering under what conditions cavities could permanently 
exist in a rock mass, the rock will be assumed to possess the properties 
above described. Suppose that the stress conditions are uniform 
throughout some definite portion of the mass, that is, that the condi­ 
tions are such that, if no cavities existed, the three principal stresses 
would be constant in direction and intensity. The stress-difference is

1 Thomson and Twit's Natural Philosophy, Part II, p 400, eel of 1890
"Philosophical Transactions, Vol 173, Parti Sec also Thomson and Tait's Natural Philosophy, 

$ 832'
'Light is thrown upon this question by actual determinations of variations of density hv meaiis of 

pendulum obser\ations on the intensity of gravity See papeis Iiy (J E Putnam and G K Gilbert 
in Bulletin ot the Philosophical Society of Washington, Vol XIII, pp 31-76
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the difference between the greatest and the least of these three stresses. 
Assuming that rupture or flow depends upon the value of the stress- 
difference, let the ultimate strength be denned as the value of the 
stress-difference at which rupture will occur, and the elastic limit as 
the value of the stress-difference at which permanent deformation or 
flowage will occur. It is to be noticed that these definitions of ultimate 
strength and elastic limit do not assume that the values of these quan­ 
tities are the same under all conditions of pressure. Some assumptions 
regarding their values under great pressures must be made in any 
numerical application. Suppose a cavity to exist at some point, within 
which there is a liquid under pressure, the bounding surface of the 
cavity being thus subjected to a uniform normal pressure which deter­ 
mines the normal stress in the rock immediately adjacent. These 
conditions being given, the problem is to determine the greatest stress- 
difference existing in the material.

It seems probable without mathematical analysis that no one of the 
three principal stresses in the general rock mass can exceed the pres­ 
sure within the cavity by as much as the elastic limit or ultimate 
strength, without causing at the surface of the cavity a stress-differ­ 
ence great enough to cause flow or rupture. It is instructive, however, 
to consider mathematically certain special cases of the general problem.

The form of cavity that would offer greatest resistance to closing 
under any given stress condition is not apparent in the general case of 
three unequal principal stresses. Probably it would be the sphere in 
case the three principal stresses are equal, while for the case 111 which 
two principal lesser stresses are equal the most resistant form would 
perhaps be that of a cylinder or prism with axis parallel to the direction 
of greatest pressure.

The problem of determining the stresses at the surface of the cavity 
admits of exact treatment for the case of a spherical cavity for any 
values of the three principal stresses in the rock mass. The solution 
does not, however, lead to definite practical results, because it involves 
the ratio of the two elastic constants of the material, which is a quantity 
of very uncertain value. This general solution will not, therefore, be 
given here; but it may be remarked that so far as any conclusion can 
be drawn from it, it is consistent with the general conclusion stated 
below after the discussion of special cases.

The mathematical discussion which follows is limited to two special 
cases which admit of comparatively simple treatment, and which have 
the advantage of leading to results independent of the elastic constants 
of the material. These cases are, fiist, that in which the three prin­ 
cipal stresses are equal and the cavity spherical; and, second, that in 
which two of the principal stresses are equal and the cavity has the 
form of a circular cylinder whose axis is parallel to the direction of the 
third principal stress and whose length is considerable in proportion to 
its diameter.

16 GEOL, PT 1  64



850 FLOW AND FRACTURE OF ROCKS AS RELATED TO STRUCTURE.

CASE I. THREE PRINCIPAL STRESSES EQUAL.

Let the cavity be a sphere of radius a1 , and let the hydrostatic 
pressure pei unit area within the cavity be p'. At all points of a 
spherical surface concentric with the cavity the stress conditions are 
exactly similar. Consider a shell whose outer surface is a sphere of 
radius a, and whose inner surface is that of the cavity. From symme­ 
try it is evident that the resultant stress on any element of the outer 
spherical surface is normal and is equal in intensity over the whole 
sphere. Let p denote the intensity of this normal pressure.

One of the three principal axes of stress at any point has the radial 
direction, the other two being any two rectangular lines perpendicular 
to the radius. Let p\ denote the normal compressive stress in the radial 
direction, and p2 the normal compressive stress in any direction perpen­ 
dicular to the radius. By symmetry it appears that pl and pt depend 
only upon r, the distance from the center of the cavity.

Following the method employed in Minchin's Statics, 1 the following 
results may be reached:

+ -2F )P'

3 a3 a'3

The last equation shows that the stress-difference increases as r 
decreases; it will have its greatest value when r=a'. Let q' denote 
the value of p^ p^ when r=a', and q its value when r=a; then

g' = 9,J^,,Vl-^=-
2 (a?   a'3 ) 7 a'3 \ (4)

B/w 3<p-p>)
............(5)

Equation (5) shows that as  , increases, q decreases very rapidly,
it

approaching zero as * increases without limit. Practically, q becomes
(h

negligible for comparatively small values of ~. Thus, if  =10, g=l^~^.
(t CL t)l>l) 

'3ded ,Tol II, p 436
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The greatest stress-difference, g', approaches the value

as -> increases without limit, so that   approaches zero. As a limiting
Cl/ £v

value, therefore,

2' = f 0> -!>')      -  ..... -..-...--..(6)

This value would hold very nearly for comparatively small values of    

If J -!..,-*!&$ (,-X).

The condition that flow takes place is
q1 = Q = elastic limit; 

that is (assuming (6) to hold),

p-p1 = |Q. ..................... ....-(7)
The condition that rupture takes place is

q' = S = breaking strength;

or p - p' = ^ S ......................... (8)

CASE II.   TWO PRINCIPAL STRESSES EQUAL.

If two only of the principal stresses are equal, the solution for a 
spherical cavity is less simple and the result less useful, for the reasons 
stated above. Assume, therefore, a cavity whose form is that of a cir­ 
cular cylinder whose axis is parallel to the axis of unequal stress, and 
whose length is considerable in proportion to the diameter. Strictly 
the solution applies only when the length is infinite; practically it will 
hold very nearly for very moderate lengths.

The stress condition is symmetrical with respect to the axis of the 
cylinder. One principal axis of stress at any point is radial, another 
is parallel to the axis of the cylinder, the third being perpendicular to 
these. Let a' be the radius of the cavity, and a the radius of a cylin­ 
der coaxial with the cavity. Let pi denote the normal compressive 
stress in th'e radial direction (at distance r from axis); p 3 the normal 
stress parallel to the axis of the cylinder, aud|>2 the third principal stress. 
Also l&tpi=p when r=a, and p]=p' when r=a'.

Methods analogous to those used in the preceding problem lead to 
the following results:

p3 = constant. ........ ............ .(11)
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The stress-difference is the greatest of the three quantities

q3=pz -lh . ....................... .(12)
ql =pa  p2 . ........................(13)
&=P3 P\........................ (14)

As r varies from a1 to a, the principal stresses vary as follows: pi 
ranges from p' to p ; p^ ranges from

remains constant. 

If -, is infinite (practically if  , is moderately great),
Oj (v '

p-i ranges from 2p  p' to p. 
Hence the range in the values of q{ , qt, and q3 may be taken as follows:

qi ranges from (p3   p')   2 (p p 1 ) top3  p;
q& p%  P PS  P ?
q3 " " 2 (p p1 ) " 0.

If any one of these values exceeds the elastic limit Q, flowage will 
occur; if any one exceeds the ultimate strength S, rupture will occur. 
The magnitude only, not the sign, is important in considering these 
values.

The value p3  p may be disregarded, since if this exceeds Q or S 
there will be flow or rupture independently of the existence of a 
cavity. The values of the stress-difference which must be considered
are therefore

qt = (p3  p')  2 (p p1}................... (15)
qz=p3 -p>....... ...... ............(16)

q3=2(p p').... ..... ..............(17)
Equations (16) and (17) show that the limiting condition for flow is that 
one of the following equations is satisfied:

p3  p'= Q )
or p  p'=%0, j 
The limiting condition for rupture is

.(19)p3 -p'= S
or p  p'=%S 
Equation (15) would give as the condition for flow

p3 -p>= Q + 2 (p -p'). .................. .(20)
or p -p'^Q + % (p3 -p') ................... .(21)
(since the result is the same whether qt becomes +Q or   Q). 
So long as p and p3 are both greater than p', equations (20) and (21) 
can not be satisfied for less values of these quantities than equation 
(1!)). If, however, p p' is negative, equation (20) makes p3  p'<Q,; 
and if p3  p' is negative, equation (21) makes p ^>'<4Q- Under such 
conditions, therefore, rupture or flow would be facilitated; that is, 
would occur with less absolute values of p3  p' or p p' than would be 
required by equations (18) or (19).
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If _p3 =p, the stress conditions in the rock mass are the same as those 
assumed in Case L The discussion thus shows that a cylindrical cavity 
would begin to close nnder a less stress than a spherical one when the 
three principal stresses are equal.

The conclusions to be drawn from the above discussion are the fol­ 
lowing:

1. If the three principal stresses in any region of a rock mass are 
equal, a spherical cavity can not exist permanently if the normal stress 
in the rock exceeds the pressure within the cavity by as much as two- 
thirds the elastic limit or the ultimate strength.

2. If two of the three principal stresses are equal, a cylindrical cav­ 
ity of considerable length whose axis is parallel to the third direction 
can not exist permanently if either of the equal principal stresses 
exceeds the interior pressure by as much as half the elastic limit or 
the ultimate strength, or if the third principal stress exceeds the 
interior pressure by as much as the elastic limit or ultimate strength.

Although the discussion has been confined to these special cases, it 
seems safe to state the following general proposition as at least proba­ 
bly true:

5. No cavity can emst permanently in a rock throughout a, considerable 
portion of which the normal stress in any direction exceeds the pressure 
ivithin the cavity by as much as the elastic limit or iiltimate strength of 
the rock.

It is important to notice that the above propositions relate to the 
permanent existence of cavities. In the light of the preceding discus­ 
sion of the properties of rock material it appears that the closing of a 
cavity may be an exceedingly slow process. If the stress conditions 
in a certain region are undergoing a very gradual change, there may be 
at certain times rupture, producing cavities, while at other times flow 
is taking place, tending to close the cavities.

V DEPTH AT WHICH CAVITIES MUST CLOSE

There remains the further question as to the depth within the earth 
at which the stress conditions become such as to make impossible the 
permanent existence of cavities. If the earth were a homogeneous fiat 
solid of infinite horizontal extent, gravity being constant in direction 
and intensity throughout every portion of the mass, the intensity of 
stress on any horizontal plane would be equal to the weight of a column 
of the rock of unit cross-section extending from the surface to the given 
plane. It is perhaps sufficiently evident that this must be practically 
true in the actual case for depths which are small in comparison with 
the radius. It may be well, however, to give a discussion of the prob­ 
lem, taking account of the sphericity of the earth and of the possible 
existence of lateral stress. The mathematical discussion will be given 
only in outline.

Assume the earth to be a sphere, of which the outer portion, for 
such depths as are to be considered, is a solid of uniform density and
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elastic properties. Taking a set of rectangular coordinate axes, with 
origin at the earth's center, the differential equations for the strain 
displacements are: 1

~9+:s-a + ̂ f-T 1=   X

In these equations A. and /< are the elastic constants of the material; 
u, v, and w are the displacements parallel to the three axes, respectively, 
of a point whose coordinates are x, y, and z; X, T, and Z are the axial 
components of the bodily forces (in this case the force of gravity) acting 
upon unit volume of the material, and 9 is the dilatation at the point 
(x, y, z), defined by the equation

dx dy dz'
To express the values of X, Y, and Z, let w denote the weight of unit 

volume of rock at the earth's surface; n the ratio of the earth's mean 
density to the surface density; a the radius of the earth; r the distance 
ot the point (x, y, z) from the center (i. e., r 2 =w 2+y 2 +z). The weight 
of a unit volume of rock at distance r from the center is easily shown 
to be

r3\ 

)>

and the values of X, T, and Z are
x=-^=-^

r na

Y=

Using these values m the three differential equations above given, these 
equations are to be integrated subject to the conditions of the prob­ 
lem. The problem is identical in form with one solved in Minchm's 
Statics.2 Following the method there outlined, the following results 
may be reached :

Let the intensity of normal stress in the radial direction at distance 
rfrom the center be pi, and in the horizontal direction p^ these being 
regarded as compressive. Then

'See Kinchin's Statics, 3d ed , Vol II, p 430 
»Vol II , pp. 441, 442.
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In these equations B and G are undetermined constants, to determine 
which two conditions are needed. They may, however, be expressed 
in terms of the values of pt and p2 at some given point. Before pro­ 
ceeding to this, an approximation will be introduced, simplifying the 
discussion.

Since the results of this discussion are applicable only to depths 
below the surface which are small in comparison with the radius, the

T
ratio - differs from unity by a very small fraction. Let

a ' 

then we may write with sufficient accuracy

and the above values of p\ and p% become

Letp' and p" be the values of pi and p2, respectively, at a point for 
which h=h(,. Then B and G may be expressed in terms of p' andj)" 
by means of the following equations:

Solving for B and G and substituting the values thus found in the 
above expressions for pl and j>2 , all powers of li and h0 above the first 
being neglected,

The last term in each of these equations may be neglected, since 
(p' p") (h  AO) is very small in comparison with p' or p". The term 
wa (h ho) is, however, comparable in magnitude with p' andp". The 
equations may therefore be written (if r0 is the value of r corresponding 
to h=h0),

p {  p'=wa(h hg)=w(r0  r) ................. (A)
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In interpreting these results it must be kept clearly in mind that the, 
discussion has referred only to the effect of gravity, whereas the actual 
stress conditions are in general due to the combined action of various 
causes. Moreover, the displacements of the particles which the above 
discussion assumes are those which would bring everyelementof the body 
into its present configuration from that configuration which would be 
assumed if gravity ceased to act, the body being supposed to be perfectly 
elastic for this assumed deformation. It is obvious, however, that this 
supposition of perfect elasticity for the hypothetical deformation can 
not be realized throughout a great depth of the rock mass, unless the 
elastic limit is much higher than seems probable from such knowledge 
of the properties of bodies as can be gained by experiment.

If by "natural configuration" is meant the configuration which any 
given portion of the body would assume if all deforming causes ceased 
to act, so that the stress became zero on every plane, then the natural 
configuration changes whenever the stress-difference exceeds the clastic 
limit. The displacements assumed in the mathematical theory of elas­ 
ticity are always to be reckoned from the present natural configuration. 
Supposing a body to have initially any definite configuration,- let any 
new cause of deformation become active.' The theory of elasticity may 
be applied, to determine the effect of this new cause, up to the point at 
which flowage or permanent deformation begins. If, after this perma­ 
nent deformation, the body again acts as an elastic solid, but with new 
values of the elastic constants, the theory of elasticity may be again 
applied to compute the further deformation and the accompanying 
stresses, until the elastic limit is again reached. But a permanent 
deformation, or change of "natural configuration," always introduces a 
discontinuity into the problem.

For the purposes of the following discussion it is convenient to intro­ 
duce a new constant in place of A. The elastic properties of an 
isotropic body (within the elastic limit) are completely known if the 
values of two constants are given. These may be variously chosen, 
but will be here taken as the bullc modulus and the modulus of shear. 
The former measures the resistance of the body to change of volume, 
the latter its resistance to shearing or distortion. 1 The modulus of 
shear is the quantity /w in the above discussion. If the bulk modulus 
is denoted by fc, then the A of the foregoing discussion is defined by 
the equation

2

Introducing this value in place of A, equation (B) becomes

1 See Thomson and Tail's Natural Philosophy, § 680; Jlinohin's Statics, 3d ed., Vol. II, pp. 412-415.
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Equation (A) is unchanged, being independent of the elastic constants.
Proceeding now to the examination of the values of p\  p' and Pz p", 

notice first the meaning of the quantity w (r0  r). Since w is the weight 
of unit volume of rock, 10 (ra  r) obviously denotes the weight of a col­ 
umn of rock of unit cross-section and of height r0  r.

*

VARIATION OF RADIAL STRESS "WITH '1'HE DEPTH.

Equation (A) shows that the difference between the values of the 
radial stress (per unit area) at any two points is equal to the weight of 
a column of rock of unit cross-section and height equal to the vertical 
distance between the two points considered, for the value of p\  p' is 
independent of the elastic constants, so that the radial stress varies 
with the depth in the same way, however the rigidity of the rock may 
change. Since the radial stress is zero at the surface, its value at any 
depth is equal to the weight of a rock column of unit cross-section 
extending to the surface.

VARIATION OF LATERAL STRESS WITH THE DEPTH.

This can not be determined so simply, since equation (B') involves the 
elastic constants fc and ,M. The deformation required by the above 
mathematical theory will undoubtedly be much beyond the elastic limit 
of the rock throughout the greater portion of the mass. Moreover, the 
elastic properties (the values of fc and /^) doubtless vary with the depth, 
because of changes in temperature and pressure. For both these reasons 
equation (B') fails to represent the true difference between the values of 
the lateral stress at two given depths, if k and ^ retain their usual mean­ 
ings. If, however, two points very near together be considered, so 
that the properties of the rock are sensibly the same at both, equation 
(B') may be applied if proper values are given to fc and /<. The value 
of fc may probably be regarded as comparable with the true values of 
the bulk modulus under ordinary conditions; but the value of /* must 
generally be taken as much smaller than the true value of the shear 
modulus. The value to be used for /i must, in fact, express the ratio 
between the actual shearing stress and the total shearing deformation, 
the latter being measured, not. from the present "natural configuration," 
but from that assumed in the mathematical discussion above explained. 
If the elastic limit has been greatly exceeded, this value of ^ is obviously 
much smaller than the actual'value of the shear modulus for deformations 
within the elastic limit. The more the elastic limit has been exceeded 
the smaller the values to be used for ^ in the formula. But the smaller

Jf _2//
/< becomes in comparison with Tc the more nearly the quantity = |^

"-+3^

approaches to unity. If, therefore, the deformation has very greatly 
exceeded the elastic limit, equation (B') becomes very nearly

Pi-p"=io (r0 ~r) .................. . .(B")
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if r0  r is small, so that p2 and j?" denote values of the lateral stress 
at two points very near together. If y"=o, equation (B") is exact, the 
body becoming practically a fluid. (For a fluid, the truth of the equa­ 
tion is obvious from the principles of hydrostatics.) Since equation 
(B") is independent of the elastic constants, it is applicable to two 
points at a considerable vertical distance apart, if the elastic limit has 
been greatly exceeded at all intermediate points, variations in the 
elastic properties between the two points not invalidating the equation. 

Near the surface, however, the deformation required by the above 
mathematical theory may be within the elastic limit, and equation (B') 
indicates that the lateral stress may decrease less rapidly than the 
radial stress. How greatly this variation may differ from the law of 
hydrostatic increase (represented by equation (B")) depends upon how 
great yu may be in comparison with fc. As the ratio of /i to fc increases 
from zero, the coefficient of w (r^   r) in (B') decreases from unity. It 
is not .probable that ;< ever greatly exceeds f Tc; if /u=-g I,, equation (B') 
becomes 1

i>2 i>" =4 w (>  -> )   .-.-.- ..CB 1 ")
The true rate of variation of the lateral stress with the depth is 

probably everywhere between limits not greatly different from the 
values given by equations (B") and (B'").

APPLICATION.

In applying to the actual problem presented by the earth the results 
reached by the solution of the above ideal problem, there are important 
modifying conditions to be considered. First, it is obvious that through­ 
out an outer shell of considerable thickness the effect of surface irregu­ 
larities will be important, and will introduce so many elements into the 
problem as to make its exact treatment impossible. Yery complex 
stress conditions doubtless exist in. many localities. But throughout 
any region in which the surface irregularities are only moderately great 
over a considerable horizontal area, the principle above deduced regard­ 
ing the variation of radial stress with the depth will undoubtedly 
hold as an average result. Any local decrease of stress will be accom 
panied by a corresponding increase in some neighboring portion of the 
rock mass.

Again, the outer crust of the earth has not (as assumed in the mathe­ 
matical theory) been brought to its present configuration by the action 
of gravity upon an elastic solid spherical shell. If the whole mass was 
originally fluid, both the radial and the lateral stresses followed the 
hydrostatic law of variation with the depth, expressed (for depths small 
in comparison with the radius) by equations (A) and (B"). This stress 
condition was subsequently modified by solidification and contraction 
by cooling, the nature and amount of this modification depending upon

i The relation <i = 1 1 18 exactly satisfied lor so called '' perfect'' solids See ITmchin's Statics, 3d 
ed , Vol II, p 412
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the change of volume accompanying solidification, upon the rate at" 
which solidification proceeded with the depth, upon the rates of cooling 
of the solid crust at different depths, and upon the value of the coeffi­ 
cient of expansion with temperature. The present law of variation of 
the lateral stress with the depth may therefore be widely different at 
different depths. These considerations do not, however, invalidate the 
general conclusion above stated as to the limits between which the 
rate of variation will probably lie. And the actual value of the lateral 
stress can nowhere permanently differ from that of the radial stress by 
more than the elastic limit of the material.

In estimating the actual depth beyond which cavities can not perma­ 
nently exist, it may be assumed, in accordance with the conclusion 
above reached, that the intensity of stress upon a horizontal plane at 
any depth is equal to the weight of a column of rock of unit cross-sec­ 
tion extending to the surface. There may also be a lateral stress, dif­ 
fering from the radial by any amount from zero up to the elastic limit. 
If the lateral stress is equal to the radial, the depth of closing will 
probably be less than if the lateral stress is zero. The following 
numerical estimate is based upon the supposition of no lateral stress.

The numerical value of the required limiting depth can not, of course, 
be determined with certainty because of uncertainty as to the elastic 
limit of the rock. Under ordinary experimental conditions, no distinc­ 
tion can be made between the elastic limit and the ultimate strength, 
since the rock specimen always ruptures without sensible previous 
deformation. If the elastic limit is comparable in value with the crush­ 
ing strength as determined by experiment, it is probable that 25,000 
pounds per square inch, or say 17,600,000 kilograms per square meter, 
may be taken as a sufficiently high value. If the density of the rock 
mass is taken at 2.7 times that of water, the weight of a cubic meter 
is 2,700 kilograms. Therefore, if d is the required depth,

d= VTTS) =6,520 meters.

If cavities are filled with water under pressure, the maximum value 
oi this pressure may be taken as that due to a column of water extend­ 
ing to the surface; or, at a depth of d meters below the surface, the 
interior pressure would be, as a maximum, 1,000 d kilograms per square 
meter. If the condition for the closing of cavities is as heretofore 
stated, the greatest normal stress in the rock may exceed this interior 
pressure by as much as the elastic limit (or ultimate strength) before 
closing will occur. That is, if d is the depth necessary for closing,

2,700 d-1,000 ^=17,600,000, 
or

, 17,600,000
d= m =10,350 meters.
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STBA1K AKJD STKESS. 

I STRAIN

The following discussion is not designed as an. exhaustive treatment 
of the subject of strain, but only as a presentation of such principles 
as seem to have an important bearing on the causes of rock structure.

A body is said to be strained when the relative positions of its parti­ 
cles undergo any change. A rotation or translation of the body as a 
whole may accompany a strain, but forms no part of it.

Strain proper changes either the form or the volume of the body, 
or of some portion of it. Change of form is called distortion, and 
change of volume dilatation; the latter being positive or negative, 
according as the volume increases or decreases.

A strain is homogeneous when any two portions of the body which 
are similar in form and similarly oriented before the strain are also 
similar in form and similarly oriented after the strain. The following 
discussion relates mainly to homogeneous strain.

If all lines having a certain direction are elongated or shortened in 
some definite ratio, while lines perpendicular to that direction are 
unchanged in length, the two sets of lines remaining unchanged in 
direction, the strain is a simple elongation or simple shortening. (A 
shortening1 may be regarded as a negative elongation.) Any spherical 
portion of the body is changed by a simple elongation into an ellipsoid 
of revolution, prolate if the elongation is positive, oblate if it is negative.

If a body receives successively two simple elongations in directions 
perpendicular to each other, a sphere will be changed into an ellipsoid; 
if the two elongations are equal it will be an ellipsoid of revolution, 
otherwise an ellipsoid of three unequal axes. It is also true that three 
simple elongations in mutually perpendicular directions change a sphere 
into an ellipsoid, the ratios of whose principal axes depend upon the 
ratios of the three elongations. The principal axes of the ellipsoid 
coincide in direction with the three elongations.

It is known that any homogeneous strain may be produced by three 
simple elongations or shortenings of the body in directions perpen­ 
dicular to one another, followed, in the most general case, by a rota­ 
tion of the body as a whole. The three lines of the body which pass 
through any point and are parallel to the three directions of simple 
elongation are called the principal axes of the strain at that point. 
These three lines are perpendicular to one another both before and 
after the strain, but may or may not change their directions relative 
to the earth or to any other assumed reference-body. If their direc­ 
tions remain constant the strain is called pure or irrotational; if not, 
the strain is rotational. Since a rotation of the body as a whole does 
not change the relative positions of its parts, such a rotation may be 
disregarded in studying the nature of the strain proper, and any homo­ 
geneous strain may be analyzed into three simple elongations.
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If the direction of any line 111 the body be specified by the angles it 
makes with the strain-axes, the direction of a hue riot parallel to one 
of the axes will m general be changed by the strain. A sphere will be 
changed into an ellipsoid whose principal axes are parallel to those 
of the strain. A rectangle whose edges are originally parallel to two 
of the axes of the strain will become a rectangle with edges unchanged 
m direction. A rectangle whose edges are oblique to the principal axes 
of the strain will m general become an oblique parallelogram.

If equal lines parallel to the three principal axes of strain are equally 
elongated or shortened, the strain is a simple dilatation. The ellipsoid 
into which the sphere is transformed is in this case a sphere. Neg­ 
lecting rotation of the body as a whole, every line remains unchanged 
in direction, but all lines are elongated in the same ratio. Every figure 
is unchanged m form, but iiudergoes a change of volume.

If the ratios of elongation and shortening in the three principal 
directions are so related that the volume is unchanged, the strain may 
be called a simple distortion. This obviously requires that the three 
simple elongations be not all of the same sign. The algebraic siim of 
the volume-changes due to the three axial strains must be zero.

Any homogeneous strain may obviously be produced by the combi­ 
nation of a simple dilatation and a simple distortion; it is often useful 
to study these separately.

As a special case, the strain in one of the three principal dnections 
may be zero; in this case the strain may be called two-dimensional. In 
aualyziug a two-dimensional strain it is sufficient to consider a plane 
perpendicular to the axis of zero strain. Every point in such a plaue 
may be taken as the representative of a line perpendicular to the 
plane, and every straight line as the representative of a plane parallel 
to the axis of zero strain. Even in the case of three-dimensional strain, 
it is often instructive to direct the attention to a plane perpendicular 
to one of the strain-axes. The two-dimensional strain occurring m 
such a plane may then be combined with the elongation perpendicular to 
it, and the nature of the actual strain is thus readily understood. The 
study of strains in two dimensions is thus of considerable importance.

The effect of two or more successive homogeneous strains whose axes 
do not coincide is a matter of some importance. Consider first two suc­ 
cessive simple elongations, both positive, in directions not perpendicu­ 
lar to each other nor parallel, and direct the attention to a plane par­ 
allel to the two directions of elongation. A circle lying in this plane 
is changed by the first strain into an ellipse whose major axis is par 
allel to the direction of elongation. This ellipse is changed by the 
second strain into another whose major axis is intermediate in direc­ 
tion between the two elongations. The two elongations are together 
equivalent to a two-dimensional strain whose axes coincide with the 
principal axes of the final ellipse. The positions of these axes relative 
to the directions of the two given elongations can be found mathernat
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ically when the ratios of elongation are known, bnt the above qualita­ 
tive. statement is sufficient for the purposes of the present discussion. 
(It is to be noticed that even if each of the two given elongations occurs 
without rotation, the resultant strain is in general rotational   that is, 
the lines which become axes of the final ellipse have not the same 
direction after the strain as before. This is important if the absolute 
position of the axes of the total strain is in consideration.)

In a similar manner the result of any succession of homogeneous 
strains may be estimated. The total result is a homogeneous strain; 
but the positions of the strain-axes, both in the body and in space, may, 
by reason of the successive strains, undergo any series of changes.

If a rectangle ABCD (fig. 103) is strained into a parallelogram ABC'D' 
whose base and altitude are equal to those of the lectaugle, the strain 

is called a simple shear. All lines parallel to AB 
-  ? move parallel to themselves through distances pro­ 

portional to their distances from AB. Planes 
parallel to AB and to the axis of zero strain 
are called shearing planes. 1 Any two such planes

Fit, 163  Simple shear . - ,
slide relatively to each other an amount pro­ 

portional to their distance apart. The amount of the shear is meas­ 
ured by the amount of relative sliding of planes at unit distance apart,

DD' 
Thus -r-pr is the amount of the shear represented in fig. 163. Since

the area of the parallelogram ABO'D' is equal to that of the rect­ 
angle ABCD, the shear is evidently an unddatatioual strain, or a 
simple distortion.

It maybe proved that any two-dimensional homogeneous strain which 
leaves the volume unchanged is equivalent to a shear combined with 
a displacement of the body as a whole. 2 It will be well to give here the 
proof of this proposition, since the nature of a shearing strain and its 
relation to the principal axes of elongation and shortening are matters 
of importance in the applications to rock structure.

Let a body receive any two-dimensional homogeneous strain which 
leaves the volume unchanged, and let XX' and YY' (fig. 164) be the 
principal axes of the strain. Let AO be any length taken on XX' 
before the strain, and let its strained length be A'O'. On YY' let BD, 
equal to A'O', be laid off before the strain, and let its strained length 
be B'D'. If the volume is unchanged B'D' must equal AC, because 
the rhombus ABOD is strained into A'B'O'D', and by construction 
BD is equal to A'C'. Now, having regard solely to the relative posi­ 
tions of the particles of the body, and not to their absolute positions in 
space, it is evident that ABCD may be transformed into A'B'O'D' by

'These, planes are also designated as planes of sliding and as undistorted planes The term 
" shearing planes" as here used must not be confused with " plane of the shear " By the latter 19 
meant a plane parallel to the motion of every particle of the body during A simple shear. The plane 
of the shear is perpendicular to the planes of sliding 

2 See Thomson & Tait's Treatise on Natural Philosophy, Part I, §§ 169-170, pp 122-124, 1890
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a shear. Thus, if ABCD is moved until AB coincides with A'B' (fig. 
105), CD will be collinear with C'D', and a sliding parallel to A'B' will 
bring A'B'CD into coincidence with A'B'C'D'.

There is evidently another way in which ABCD (fig. 104) can be 
changed into A'B'C'D'; namely, by bringing BC into coincidence with 
B'C' and then sliding AD and all parallel lines until they coincide

165

FIGS 1G4 and 165  Two dimensional strain equivalent to shear

with corresponding lines of A'B'C'D'. That is, in every shear there are 
two sets of planes, either of which may be regarded as shearing planes.

The two processes are equivalent in total result. The actual series 
of deformations undergone by any element of the body is, however, 
different in the two cases.

When a shear is known with reference to one set of shearing planes, 
the determination of the other set is a matter of some importance. Let 
XX' and YY' (fig. 100) be parallel to the known direction of sliding, 
and let BB' be the amount of sliding of YY' relatively to XX'. Assum­ 
ing every point of XX' to remain sta­ 
tionary, the point originally at B moves ,; 
to B', and a line B A moves in to B'A. If / 
A is so taken that AB equals AB', the °f 
length of every line originally parallel 
to AB is the same after the strain as v . 
before. Hence, such a parallelogram 
as ABCD may be brought ^nto its 
strained position by first moving it
bodily until AB falls into AB' (CD Fl° «°-Belat.on^tjo sets of shearmg

then falling at C"D"), then bringing
AB'C"D" into coincidence with AB'C'D by a shearing motion parallel 
to AB'. It is thus seen that lines originally parallel to AB represent 
the second set of shearing planes.

Another problem of importance is the determination of the principal 
axes of elongation and shortening in the case of a shearing strain, the 
shearing planes being supposed known. From figs. 164 and 105 it is
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evident that these axes bisect the angles between the two sets of 
shearing planes; the obtuse angle (before strain) being bisected by the 
axis of elongation, and the acute angle by the axis of shortening.

The effect of a shearing strain in deforming a circle is shown in fig. 
167. In the two sets of shearing planes are taken equal lengths, AB 
and BC. The rhombus ABCD is strained into the equal rhombus 
ABC'D' by a shearing motion parallel to AB. The point O, the inter­ 
section of the diagonals of ABCD, is taken as the center of a circle 
whose radii in the directions of greatest elongation and shoitening are 
OM and ON. These are strained into O'M' and O'jST', which are there­ 
fore the principal semidiameters of the ellipse into which the circle is 
strained. Let BE be a, line perpendicular to AB before strain, then 
BE' is the strained position of BE, the distance EE' being equal to CO'. 

No shearing or sliding of parallel planes over one another takes 
place in the case of a simple dilatation, for such a strain changes every 
figure into a similar figure, while the sliding of planes relatively to one 
another would deform a rectangle into an obliqne-augled parallelogram. 

Every two-dimensional strain is equivalent to a shear combined with 
a simple dilatation, followed by a displace­ 
ment of the body as a whole (strains in the 
third dimension being disregarded) ; for any 
such strain transforms a circle into an 
ellipse; but a circle may by a dilatation be 
made equal in area to any ellipse, and by a

FIG Ib7 -Deformation of sphere ^.^ }t theu be made giml]ar t()
uy simple siiGar "

given ellipse. (It is to be understood that a 
dilatation may be either positive or negative.)

In the foregoing discussion of strain only the initial and final con­ 
figurations of the body have been considered. The successive steps 
by which the final configuration is reached from the initial are disre­ 
garded. In fact, if the initial and final form and size are alone given, 
there are no means of ascertaining these intermediate steps, deferring 
to the case of a shear illustrated m fig. 166, the parallelogram ABCD 
is supposed to be strained into the parallelogram AB'C'D. This 
change may be produced by a continued sliding or shearing parallel to 
AD; the same final result (so far as the form of the figure is con­ 
cerned ) may be produced by a sliding or shearing parallel to AB. This 
is what is meant by the statement that AB and AD are both shearing 
planes. It is not meant to assert that simple sliding has necessarily 
taken place along either of these sets of planes in order to produce the 
supposed result. lu fact, simple sliding can not have occurred contin­ 
uously parallel to both AB and AD. A little consideration will show 
that, if rotation be disregarded, at any given instant during the process 
of strain simple sliding is taking place along two sets of planes which 
are at right angles to each other, while simple elongation and shorten­ 
ing are occurring in directions inclined 45° to the planes of sliding. In
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undergoing any given change of form, the body passes through a con­ 
tinuous series of intermediate forms. The total strain is thus the sum 
or resultant of a series of smaller strains. Now consider a strain of 
very small amount. For a very small strain the figures ABCD and 
A'B'C'D' (fig. 164) are very nearly squares. If the strain be taken 
smaller and smaller, approaching zero as a limit, the figures ABCD and 
A'B'C'D' will 111 the limit become squares; but AB and BC represent 
the two sets of shearing planes. Hence, the simple sliding at any

D'FS c'

FIG 168  Planes ol instantaneous sliding

instant takes place along two sets of planes at right angles to each other 
and inclined 45° to the directions of elongation and shortening at that 
instant.1 In the production of a given strain of finite amount, it is 
not necessary that the directions of elongation and shortening or either

1 The planes defined as shearing planes are not tho only ones along which there 19 sliding Any 
pai allel phmes (not perpendicular to a strain axis) slide over one anothei during the process of strain 
That which distinguishes the shearing planes is the fact that their total relative motion is equivalent 
to a nmple sliding that is, a sliding unaccompanied by change in their dimensions or m their dis­ 
tances apart It is also true that the total amount of sliding is greater for these planes than for any 
other set

Consider, for example, a simple shear of finite amount such us illustrated in fig 168, the rectangle 
ABCD being changed into ABC'D' by a continued simple sliding parallel to AB Linos parallel to AB 
remain constant in length, and their distances apart are unchanged, hut parallel lines having any other 
direction undergo a continuous change in length, and at the same time either approach 01 recede from 
each other Thua El? and GH move into the positions El?' and GH', and during the process they at 
first deci ease and then increase in length, \\hile their distance apart first incieases and then decreases 
They have at every instant a sliding motion relative to each other, as may be seen by comparing any 
two successive positions of the parallelogram EFHG, hut the sliding is not nmpla At a single 
instant, however, the relative motion of El? and GH is a simple sliding, tins is when they are perpen­ 
dicular to AB At this instant their length aud their distance apart are neither increasing nor 
decreasing, so that they aro in the same condition as hues parallel to AB

Evidently ABCD maj be changed into ABC'D' in many other ways than that which has been 
assumed Simple sliding may not be continuous parallel to AB, indeed AB may not be a shearing plane 
at any time d uring the process But if at any instant simple sliding is occurring parallel to AB, it is 
also occurring along those planes whit h are at that instant perpendicular to AB

The proposition, above proved, that any finite homogeneous two dimensional strain that leaves the 
volume unchanged is equivalent to a shear, and that there are two sets of shearing planes, refers only 
to total results, not to the actual process ivy which the results are accomplished Such a strain may 
be produced by simple shearing along a constant set ot parallel p'laues (accompanied, of course, by a 
rotation), and for a strain ot given amount there are two sets of planes, either of which may be the 
Bet along which continuous simple sliding occurs, but tho given result may be produced without 
there being at any instant simple shearing along any set ot planes, and simple shearing can not be con 
tiuuous along more than one set In order to apply to the process of strain at any instant, tho pioposi- 
tion must tako the following form

If at any instant a body is undergoing a two dimensional homogeneous strain of such a character 
that tha -volume is not changing, there is simple shearing along each of two sets ot parallel planes, 
these sets being at right angles to each other and inclined 45° to tho directions of elongation and 
shortening

16 GKEOJL, PT 1   55
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of the directions of sliding should remain constant during the process, 
In fact, they can not all remain constant, 1 and in general all of them 
change. In the application of the foregoing principles to the explana­ 
tion of cleavage structure, to be given below, the question of chief 
importance is the total effect of a given finite strain upon the form of 
any small portion of the rock mass. To determine this effect it is not 
necessary to know all the steps of the actual process by which the final 
result is produced. Any process which would produce the same total 
strain may be treated as if it were the actual process. For certain pur­ 
poses it is instructive to study a strain with reference to the planes of 
total shearing, while for other purposes the attention may be directed 
to the axes of total elongation and shortening.

The simple strains above treated elongation, dilatation, and shear  
are the most important elements in the analysis of homogeneous strains. 
Any homogeneous strain may be produced by a suitable combination of 
these elements, with or without a rotation of the body as a whole. The 
analysis of any given strain into its elements may be made in various 
ways, the most useful method depending upon the particular problem 
in hand.

Heterogeneous strain. In heterogeneous strain different elementary 
portions of the body receive unlike deformations. In any case, how­ 
ever, unless there is a surface of discontinuity due to the actual sepa­ 
ration of the body into two or more parts, the strain throughout a 
volume sufficiently small is sensibly homogeneous, and the variation of 
the strain is gradual throughout the body. The strain of every small 
element is thus equivalent to three simple elongations (positive and 
negative), combined with a rotation; but the directions of the three 
principal elongations, and the amount of the rotation, in general vary 
in passing from point to point of the body.

The variation of the rotation especially needs notice. In homoge­ 
neous strain, since all elements of the body are equally rotated, the 
result is necessarily a rotation of the body as a whole, forming no part 
of the strain proper. In heterogeneous strain, however, different ele­ 
ments may be unequally rotated, so that the total result of the rotations 
may be a true strain a change in the relative positions of the parts of 
the body. If, however, there is no surface of discontinuity, the rota­ 
tion, as well as the other elements of the strain, varies gradually 
throughout the body.

In studying the relations of strain to rock structure, the results 
reached in the analysis of homogeneous strain will apply also to hete- 
regeueous strain so far as the nature of the effects is concerned; but 
the resulting structure will vary continuously in passing from one part 
of the body to another, instead of being uniform as in the case of homo­ 
geneous strain.

1 This statement refers to directions as determined by definite lines of particles in the body The 
directions in space along which elongation, shortening, and sliding take place may or may not remain 
constant.
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II STRESS.

The action and reaction between any two adjacent portions of a body 
constitute a stress. Considering any two such portions separated by a 
plane, the forces exerted between them may have any direction rela­ 
tively to that plane. It is convenient to consider these forces as 
resolved into components normal and tangential to the plane. The 
stress made up of the tangential components is called a shearing stress, 
and may have any direction in the plane considered. The normal stress 
is a tension if it resists a tendency of the two portions of the body to 
separate, and a compression if it resists a tendency of the two portions 
to approach each other.

Whatever stress condition exists at any point of a body, there are 
always three rectangular planes upon each of which the resultant stress 
is normal. Three intersecting lines perpendicular to these three planes, 
respectively, are called the principal axes of stress.

Upon any plane not perpendicular to a principal axis the stress has 
in general a tangential component. It may be proved that, for planes 
parallel to one principal axis, the tangential or shearing stress has the 
greatest intensity 1 upon planes inclined 45° to the other two principal 
axes.

III. RELATION OF STRESS TO STRAIN

The condition of stress existing at any point of a body depends upon 
its state of strain and upon the properties of tke body. It is important 
to understand what is meant by " state of strain" as bere used. This 
state of strain is to be reckoned from' what is called the "natnral coii- 
flgnration" of the body. By the "natural configuration" is meant the 
form and size which the body would assume if freed from all deforming 
forces so that the stresses at the point considered became zero upon 
every plane. If the body is acted upon by external forces sufficiently 
gieat, apermauent deformation will result, and the natural configuration 
will be changed. It is evident, therefore, that the stresses existing at 
any instant can not be estimated from a knowledge of the total strain 
which a body has undergone from some previous condition, unless 
it is known that no permanent deformation has been produced. If a 
body is isotropic and the strain is small and within the elastic limit, 
the i elation of stress to strain can be expressed rather simply.3 But 
a strain of large amount will for most bodies be accompanied not only 
by a permanent deformation but by a change m the elastic properties 
of the body. For an isotropic body and for strains within the elastic 
limit the principal axes of the stress coincide with those of strain; 
and doubtless this is at least approximately trne for very great defor-

1 By intensity of stress la meant stress per unit area In the following discussion the word stress 
alono is sometimes used in the sense of stress intensity, when the meaning seems obvious, m order to 
avoid circumlocution Some writei s define stress as force per unit area, but this usage can not be 
regarded as established

? See Mmchm'a Statics, 3d ed , Vol II, yj 416
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mations, so that if a great shortening is observed in a certain direction 
it can be inferred that the predominating stress has been a com­ 
pression in that direction. A complete account of the stress conditions 
through which any particle of a body has passed can not be given 
without a knowledge of much more than the total deformation it has 
undergone. It requires, further, a complete knowledge of every step of 
the process of strain and of the properties of the substance at every 
stage. It is evident, therefore, that the stress conditions which accom­ 
pany the deformation of rocks can not be determined except in the 
most general way.

IV GENERAL REMARKS ON STRAIN AND STRESS.

The foregoing discussion of strain and stress is of course far from 
complete, but includes the main elementary principles from which the 
complete theory is developed. The attempt has been made to present 
these principles in a form iutelligible to the non-mathematical reader.

Perhaps the matter of fundamental importance to the geologist m 
considering the various mechanical theories advanced to explain rock 
structures, is a clear conception of the nature of tangential or shearing 
strains and stresses and of-their relation to other elementary stresses 
and deformations. The language sometimes used in the discussion of 
geological theories seems to imply that tangential stresses and strains 
must be due to exceptional conditions. But a study of elementary 
principles shows that only under exceptional conditions can there be 
strain without the occurrence of sliding along certain planes, or stress 
without the existence of tangential stress on certain planes. The only 
case in which shearing stresses are absent is that in which the normal 
stress has the same intensity on all planes, whatever their directions. 
The only case in which there is no sliding or tangential strain is that 
of a simple dilatation the elongations or the shortenings in all direc­ 
tions being equal.

ApprjcATiojsrs TO KOCK STKTJCTUKE.

I. CLEAVAGE

It is not designed here to discuss exhaustively the causes of cleavage 
in rocks. It is probable that different causes have been operative, 
either separately or in combination, to produce the observed results. 
The foregoing discussion of homogeneous strain seems, however, to 
throw light on at least one of the important agencies concerned in the 
production of cleavage.

In a body absolutely homogeneous, even to the minutest portions, it 
seems improbable that cleavage would be developed by any possible 
strain. The tendency of certain rocks to rupture with great readiness 
along certain planes or to cleave seems to be due to the fact that the 
small particles of which they are composed are flat parallel to that 
direction. This flatness not only facilitates rupture along these planes,
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but by the overlapping of the flat particles tends to prevent smooth 
fracture in directions not parallel to the flatness. That this flatness 
exists in the case of rocks showing distinct slaty cleavage is shown by 
observation.

To account for the flatness of the small particles and their parallel 
arrangement, various theories have been proposed, the most prominent 
being that of Sorby and- that of Sharpe and Tyndall. These theories 
both assume that the cleavage structure has been produced by the 
action of great compressive forces, causing a shortening of the rock 
mass as a whole in one direction, the cleavage being developed along 
planes perpendicular to the direction of shortening. On the theory 
of Sharpe and Tyndall this shortening is participated in by every small 
particle of the rock, both the flatness of the particles and their parallel 
arrangement being thus accounted for. 1 Sorby's theory, on the other 
hand, assumes the previous existence of the flat particles, and explains 
their parallel arrangement by a rotation due to the supposed shortening 
of the rock mass in one direction and corresponding elongation per­ 
pendicular to that direction.

The relation between the two theories may be otherwise expressed 
by the statement that one supposes a homogeneous strain of the whole 
rock mass, including every constituent particle, while the other assumes 
a homogeneous strain of the rock mass as a whole, not participated in 
by the flat particles, but causing them to assume parallel positions.

Without attempting an exhaustive discussion of the merits of the 
two theories, it may be remarked that the theory of Sharpe and Tyndall 
is the simpler, and is probably the true explauation of a considerable 
part of the observed phenomena of cleavage. It is hardly supposable 
that in all cases the flatness observed in the particles of rocks showing 
slaty cleavage existed in all the particles of the original sediment. The 
simplest supposition is that every small particle participated in the 
strain undergone by the whole mass; that is, was shortened perpendic­ 
ularly to the cleavage planes and elongated iii directions parallel to 
these planes.2 Taking a sphere as the type of a particle in the original 
sediment, it would be flattened into an ellipsoid; and this flattening, 
if experienced by all particles, is sufficient to account for the cleavage 
structure. A very close, smooth, slaty cleavage would develop only in 
a very fine-grained rock; but the same sort of structure on a different 
scale may be observed in coarse-grained schists. In fact, in some 
cases the directions of the three principal axes of strain are plainly 
evident from the form of the fragments, and a tendency to cleavage 
exists along planes perpendicular to the greatest shortening. It is to

1 Sharpe supposed the expansion parallel to the Cleavage planes to take place mainly in the direction 
of the cleavage dip This, however, is not essential to the theory

'It has been seen that every strain IB equn alent to a dilatation (positive or negative) combined 
 with a distortion. In the case of rocks accessible to study by the geologist, it IB probable that the 
amount of dilatation v* ill never be great A great shortening parallel to one strain axis must be 
accompanied by a compensating elongation in at least oiie of the other axial directions



870 FLOW AND FRACTURE OF ROCKS AS RELATED TO STRUCTURE.

be observed that on this view a fibrous structure might develop under 
certain conditions, there being approximately equal shortening in two 
axial directions and an elongation in the third.1 A tendency to this 
structure is seen in certain schists. But probably in the majority of 
cases there is a predominant pressure in one direction, causing a 
shortening in this direction and an elongation in all directions perpen­ 
dicular to it. (PL CXV.)

This seems a simple and adequate explanation of the development of 
slaty cleavage in any small volume of rock, since the strain is practi­ 
cally homogeneous throughout a volume sufficiently small. It can not 
be supposed, however, that this homogeneity exists throughout any 
considerable volume. If a body of rock of great extent is subjected to 
a great compression in a certain direction, there will be not only a ten­ 
dency to shortening in that direction but generally also a tendency to 
bending, because of unequal support in transverse directions. The 
result will be that, simultaneously with the shortening, there will be 
folding of a more or less complex character. If the supposed condi­ 
tions continue for a sufficient time, the shortening in the direction of

FIG. 169. Cleavage due to simple shear.

the prevailing pressure may ultimately so far predominate that cleavage 
will develop in approximately parallel planes, irrespective of minor 
deformations of the particles due to the folding. On the other hand, 
there will doubtless be cases in which the local deformation predomi­ 
nates over the general, or is at all events of sufficient amount to modify 
the direction of greatest shortening of the particles, and thus to produce 
local variations in the direction of the cleavage planes. It is, indeed, 
possible that cleavage should be wholly due to local deformation, and 
should therefore affect only limited volumes. In discussing this-local 
variation in the direction of cleavage, it is useful to consider the rela­ 
tion of cleavage to the shearing planes.

In fig. 167 let the circle represent a small spherical fragment of a 
sedimentary rock, and let it be supposed that the rock is under such 
conditions that it flows without rupture and that it undergoes a shear­ 
ing strain such as is represented in the figure; the spherical fragment 
becomes an ellipsoid, one of whose sections is the ellipse shown. If 
the process of shearing were continued, the ellipsoid would be still

1 See paper by Alfred Harker " On Slaty Cleavage and Allied Rock-Structures," British Asso­ 
ciation Reports, 1885, p. 820.
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further flattened, and its major axis would become more nearly parallel 
to AB. If the rock is composed of particles all of which are deformed 
in a similar manner, cleavage will tend to develop in planes parallel to 
AC'. Such a result is shown in fig. 169, in which ABCD represents a 
portion of rock which by shearing is changed into A'B'C'D'. Spher­ 
ical fragments are strained into ellipsoids whose longer axes have the 
direction E'S'. The result of the shear is the same as if the body 
ABCD had been shortened in" the direction PQ and elongated in the 
direction ES, and then rotated until PQ took the direction P'Q'. 
Similarly, in fig. 167 it is seen that the final resulfc is the same as if 
the sphere were shortened in the direction ON and elongated in the 
direction OM, and then rotated until these lines coincided with O'M' and 
O'N'. This, however, does not necessarily describe what has actually 
taken place. Assuming AB to be a plane of simple sliding throughout 
the whole process, then at any instant the directions of elongation and 
shortening are inclined at 45° to AB, and sliding is taking place not 
only along planes parallel to AB but along planes perpendicular to AB.

The above would seem to furnish an explanation of the relation of 
cleavage structure to bedding sometimes observed in the case of folded 
strata. When parallel strata are folded without rupture there must 
be a parallel readjustment between them; in other words, shearing 
parallel to the bedding must take place. The amount of this shearing 
is greatest at the limbs of the folds and becomes zero at the crests. 
On the above theory the cleavage structure, so far as determined by 
the local shearing deformation, would tend to develop along planes 
diagonal to the bedding. If the amount of the shear were known, the 
direction of the cleavage planes could be predicted, being such as to 
bisect the acute angle between the two sets of shearing planes in their 
final positions (the angle BAD' in fig. 167). If the amount of sliding 
is different in different portions of the bedding, the direction of the 
cleavage will vary correspondingly, being most nearly parallel to the 
bedding at points where the sliding has been greatest (fig. 131). It is 
to be noticed that the cleavage planes may be much more nearly par­ 
allel to the bedding than are lines originally perpendicular to the bed­ 
ding. Thus, in fig. 167 the line BE', originally perpendicular to the 
bedding, falls into BE', while AC' represents the position of the cleav­ 
age planes.

This local tendency to the development of cleavage planes diagonally 
to the bedding may be combined with a general tendency to the pro­ 
duction of cleavage in some direction, as already discussed; if so, the 
final result will be a cleavage intermediate in direction between those 
which would be due to the two causes acting separately.

The foregoing explanation of the production of cleavage lias assumed 
that all particles yield equally to the deforming forces. A rock may, 
however, be composed of particles of different degrees of rigidity. In 
such a case the strain can not be regarded as homogeneous through-
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out a volume containing particles of unequal rigidity, and the theory
above given needs modification. The result will, however, be the same 
in kind, though not in degree. As the simplest case, suppose the rock 
to be subjected to a simple compression whose direction remains con­ 
stant while the rock mass undergoes a deformation of great amount. 
The various particles will be flattened unequally, but their shorter axes 
will be parallel, and cleavage will tend to develop along planes perpen­ 
dicular to the direction of these shorter axes. Or, consider the same 
process with reference to the shearing planes. It has been shown in 
the preceding discussion of strain that a simple shear produces the same 
final result as an elongation and shortening along some pair of axes, 
together with a rotation of the body as a whole. If the rock contains 
particles of unequal rigidity, they will participate unequally in the elon­ 
gation and shortening, but equally in the rotation. The direction of 
the cleavage planes is thus unaffected by the unequal rigidity of the 
fragments.

If the rock contains originally a great number of particles already 
flat, the conditions exist which are assumed in the theory of Sorby. If 
these particles are originally parallel, or nearly so, their parallelism is 
not destroyed by homogeneous strain, and they may be a factor in the 
production of cleavage. If, however, they have originally random 
directions of orientation, they will not be made parallel by any amount 
of homogeneous strain of the rock mass, although a compressive strain 
of great amount will cause them to approach parallelism, except those 
whose shorter axes are originally nearly or quite perpendicular to the 
direction of compression. Plat particles, even with an original random 
arrangement, may thus become a factor in the development of cleavage.

II FISSILITY.

Pissility, as the term is here employed, is due to the actual separa­ 
tion of the rock along certain planes. Such separation requires that 
the rock be under different conditions from those supposed in the devel­ 
opment of cleavage; that is, the condition of stress and the properties 
of the body must be such that rupture will occur instead of unlimited 
deformation.

Actual separation of adjacent parts of a body may occur either by 
tension or by shearing. If it occurs by tension, the surfaces of separa­ 
tion are usually approximately plane and perpendicular to the axis of 
greatest elongation. If rupture occurs by shearing, it will occur along 
planes diagonal to the axes of greatest and least normal stresses. As a 
rule, rupture by shearing does not occur unless the greatest principal 
stress is compressive. Thus, an isotropic prism subjected to longitu­ 
dinal tension and free from transverse stress will usually rupture along 
a surface which is approximately normal to the axis of tension. In 
exceptional cases, however, a prism under such conditions is found to 
rupture by shearing along a diagonal plane. If a longitudinal com-
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pression is substituted for the tension, rupture by shearing along a 
diagonal plane is the rule. If the body is under compression in all 
directions, the only possible rupture is by shearing. The exact condi­ 
tions determining rupture in this case are unknown, but the difference 
between the intensities of the greatest and least principal stresses may 
be taken as the most important factor. 1 The question of most impor­ 
tance to the present discussion is in regard ,to the relations of the planes 
along which rupture will occur.

In ordinary engineering practice it is usual to assume that the liabil­ 
ity to tangential rupture is greatest along planes of maximum intensity 
of shearing stress. This, however, overlooks the important considera­ 
tion that the existence of normal stress on any plane may increase or 
decrease the resistance it can oppose to shearing. Experiments on the 
rupture of prisms by longitudinal tension or compression indicate that 
a compressive stress across any plane increases its capacity of resisting 
shearing rupture, while a tensile stress has the opposite effect.

Rupture by shearing occurs along planes for which the intensity of 
normal compressive stress is less (or of tensile stress greater) than 
exists on the planes of maximum, intensity of shearing stress. Thus 
Hodgkinson 2 found as the average result of 21 experiments on the rup­ 
ture of cast-iron cylinders by compression that the surfaces of rupture 
made angles of about 35° with the axis of pressure; while experiments 
by Kircaldy 3 on tensile rupture of steel showed that when rupture 
occurred by shearing the surfaces of rupture were inclined at angles of 
65° with the axis of tension.

If these principles hold in the case of rocks under pressure, rupture 
by shearing would be expected to occur along planes oblique to the 
axes of greatest and least intensity of compressive stress, but (if the 
material is isotropic) inclined at angles of less than 45° to the axis of 
greatest stress. In such a case two intersecting sets of planes of rup­ 
ture may develop, cuttmg each other at an oblique angle, the greatest 
pressure bisecting the acute angle. It seems improbable that such rup­ 
ture would occur in a regular manner, so as to develop parallel planes 
of fracture throughout large volumes, although there might be consid­ 
erable regularity throughout limited volumes. If, however, a structure 
such as cleavage already exists, the cleavage planes may determine the 
direction of fiacture, oven if they differ considerably in position from, 
the planes which the rupture would follow in an isotropic body. The 
result may be a single prominent set of planes of fissility, following the 
original cleavage planes with considerable regularity. And a similar 
result may be reached, even if the original structure is not sufficiently 
regular and well marked to be called a true cleavage.4

'See footnote 1 on page 847 
'British Association Reports, 1837, p 349
"See Encyclopedia Britanmca, article "Strength of materials," Vol XXII, p 601 ByJ A Ewmg 
*The figure shoxvn by Sorby (Proc Q J Geol Soc , p 73, fig 4) illustrating " close joints " cleavage 

strongly suggests aucli an explanation as tbe above
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In case two sets of planes of flssility are produced by tangential rup­ 
ture, the relation between the two structures may be changed by sub­ 
sequent flowage, so that their angle of inclination may range widely in 
value. Even without flowage, the angle would doubtless vary consid­ 
erably in different rocks and under different stress conditions. In some 
cases the two sets of planes might intersect nearly at right angles. 
From the nature of the problem, however, it is evident that no exact 
principle governing the value of the angle of intersection can be stated.

Again, it is probable that in some cases there may be a considerable 
flowage, followed by rupture. It is not clear just how the nature of 
the rupture will be affected by previous flowage. It is possible that, 
even in a homogeneous body, flow will destroy the isotropy. It has 
been maintained that in a body originally homogeneous a pronounced 
and visible structure may result from flow unaccompanied by fracture. 1 
It is not easy to see what the nature of the structure thus produced 
would be, nor what would be its relation to the axes of the strain and to 
the forces causing it. If, however, the rock is not originally homogene­ 
ous, flowage may produce a structure which will influence the mode of 
rupture. Thus, if the rock is finely granular, the result of the flow 
may be a flattening of the particles, as iu the first stages of the develop­ 
ment of slaty cleavage. The planes of rupture may then be partly 
determined by the structure thus developed. It is also to be remem­ 
bered that during any finite strain the relation between the direction 
of maximum pressure and the axes of total strain may vary, and the 
planes of flattening may, at the instant of rupture, have any direction 
relative to the axis of greatest pressure.

Actual separation of the rock along planes of maximum compressive 
stress can not occur. What is ordinarily referred to as rupture by com­ 
pression is in reality rupture by shearing. Thus, a short prism of a 
brittle material like cast iron or auy ordinary building stone, if sub- 
j'ected to longitudinal compression, will rupture by shearing along 
surfaces oblique to the direction of compression. Usually the surfaces 
of rupture do not show great regularity of form or position.

If the above view is correct, the occurrence of a series of parallel 
planes of flssility showing great regularity of form and direction, 
throughout large volumes of rock, is usually to be attributed to a pre­ 
viously developed structure in the rock. Rupture by tension might, 
however, produce parallel planes of separation of considerable regu­ 
larity, though probably not throughout any considerable extent of rock 
nor very close together. The occurrence of actual tensile stress in rocks 
near the surface of the earth is by no means improbable. A bending 
of strata would tend to cause tension near the convex surface of the 
fold. Contraction by cooling may in some cases account for rupture 
by tension.

i"The Cleavage of Rocks," August Laugel Bull Soc Geol de France, 2d series, Vol XII, 1854-55, 
pp. 363-368 " Finite Homogenous Strain, Flow, and Ruptuie of .Rocks," G F Becker, Bull Geol Soc 
Am , Vol IV , 1893, pp. 35-56 (
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SUMMARY OF TH'E PRIMARY TRIANGULATION EXE­ 
CUTED BY THE UNITED STATES GEOLOGICAL 
SURVEY BETWEEN THE YEARS 1882 AND 1894.

BY HENRY GANNETT.

Since the inception of topographic work by the United States Geo­ 
logical Survey in the spring of 1882, primary triangulation has been 
carried on upon an extensive scale, for the purpose of furnishing ulti­ 
mate control for maps. To convey an idea of the magnitude of these 
triangulation operations, it may be stated that during these thirteen 
years no fewer than 1,295 primary points have been located, furnishing 
control tor fully a half million square miles of country, or one-sixth of 
the area of the United States, excluding Alaska.

Since the primary purpose of this work has been to control maps 
upon scales not ordinarily exceeding 1 mile to 1 inch, the extreme of 
accuracy has not been sought, but only such degree of accuracy as 
 would insure that no errors perceptible upon the scale of the map 
could accumulate.

Whatever work has been done by other organizations which is 
deemed to be of sufficient accuracy for the control of the maps of the 
United States Geological Survey has been utilized, both immediately 
for the control of topographic work and also for the extension of 
triaugulation therefrom by the United States Geological Survey. The 
vork of the United States Coast and Geodetic Survey has been largely 
used in this manner, especially in the eastern part of the country. 
The maps in New England, New York, New Jersey, and Pennsylvania 
rest in large part directly upon the triangulation of that organization, 
while in the Appalachian region triangulation has been extended by 
the United States Geological Survey from points determined by the 
United States Coast and Geodetic Survey in its great Appalachian 
belt. The work of the United States Lake Survey, and that of the 
New York State survey under Mr. J. T. Gardmer, have been extensively
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utilized in a similar manner. In the interior of the country and in the 
far West, where no work by other organizations exists, primary triangu- 
lation has been done ab initio by the United States Geological Survey; 
astronomic determinations of positions have been made, base lines 
measured, and expansions effected by it.

As was stated above, 1,295 points have been determined by primary 
triangulation during the past thirteen years. These are distributed 
over thirty-three States and Territories, as appears from the following 
table, which gives the number determined in each State and Territory 
in which work lias been done:

Maine...... ........................ 20
New Hampshire.................... 11
Vermont ........................... 1
Massachusetts.................. ... 13
Rhode Island....................... 12
Connecticut............ ............ * 16
New York...................... .... 60
Pennsylvania ...................... 42
Maryland .......................... 5
Virginia ........................... 44
West Virginia...................... 32
Kentucky...... ................... 39
Tennessee.......................... 21
North Carolina..................... 23
South Carolina..................... 5
Georgia............................ 14
Alabama..... ..................... 3

Michigan .......................... 7
Arkansas............. ............. 84
Missouri ........................... 13
Kansas............................. 291
Texas.............................. 236
South Dakota ...................... 19
Montana........................... 65
Wyoming... ...................... 17
Colorado........................... 10
New Mexico. ...................... 32
Arizona..... ...................... 27
Utah........ ...................... 2
Nevada ............................ 12
Idaho....... ...................... 29
Oregon ............................ 4
California.......................... 86

The methods and instruments employed in this work have developed 
as the work has progressed. This development has been m the direc­ 
tion of economy and efficiency as well as of accuracy, so that at the 
present time, a much higher degree of accuracy is obtained than at the 
outset, together with a diminished expenditure upon field and office 
work.

In the early years of the work, base-lines were measured with sec­ 
ondary base bars. These were used up to the year 1887, when long steel 
tapes, 300 feet in length, under constant tension, were substituted, and 
have since been employed. They have been found more advantageous 
for the following reasons: The ground requires less preparation; the 
base can be measured much more rapidly, and, owing to the diminished 
number of contacts, with quite as great accuracy. By making the 
measurements upon cloudy days or at night, the correction for tempera­ 
ture is believed to be determined quite as accurately. Longer bases 
are measured, thus simplifying the expansion; and bases are measured 
more frequently, thus affording a greater number of checks upon the 
triangulation.

During the thirteen years in which this work has been going on, twelve 
base-lines have been measured in different parts of the country. Their
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localities, the date and means of measurement, imd their approximate 
lengths are set forth in the following table:

Base-lines measured by the Umted States Geological Survey.

Locality

Wingate, N" Mex . . -

Austin, TBX . .. ..

bpear ville, Kan& . . .

llapul, S Dak .. ... .

Tear

1881 ...

1884 .

1889 . . 
1889
1890 .
1890
1891 .
1892 .
1893 ..

Means of 
incasuiemeiit

Bars ... - - - ...

Bars . . .. ..

Tape ...... -

Tape ....

Length 
in miles

4 20

6 40 
2 84

7 10

4 75

2 50
5 00

In early years the instruments used were vernier theodolites reading 
to 10 seconds, with circles 6, 7, 8, 10, and 11 inches 111 diameter. In 
1889 there were substituted' for these, 8-inch theodolites reading by 
microscope to 2 seconds, and these have since been employed uni­ 
versally in the primary tnangulatiou.

While there is no question that the results from the instruments first 
used were amply accurate for the purpose, greater care was required 
in using them, a larger number of readings was necessary than with 
the present instruments, and the results were adjusted by least squares, 
which tedious operation is rendered unnecessary by the use of the 
better instruments. Indeed, it is believed that the instruments at 
present employed are of as high a grade as those in use in any part of 
the world, and that, by employing sharper signals, by exercising more 
care iu the selection of times for observations, and by taking a larger 
number of measurements of angles than have heretofore been employed 
results can be obtained with them equal to the best secured in geodetic 
work.

The signals used differ with the facilities afforded by the neighbor­ 
hood. The commonest form, and that which is geueially in use in a 
settled country, is the ordinary tripod and pole, the tripod being 
swathed in cotton to facilitate finding it. In a wooded, unsettled 
region, tripods composed of three trees trimmed up are sometimes 
employed, or a single tree found upon the summit of a station is 
trimmed up and utilized as a signal. In the Rocky Mountain region 
a common signal is a cairn of stones upon a summit.

The permanent marks which have been left to indicate the stations 
also differ widely with the facilities afforded by the country for obtain­ 
ing the necessary material. Of the total number of stations (1,295), 
921 have been marked in a manner which may be regarded as perma­ 
nent, 253 in a less permanent manner, while 121 have no mark of any 
degree of permanency. The permanent marks consist of copper bolts 
set in ledges, holes drilled in ledges, stone posts, buried bottles with
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stones set over them, and cairns of stones, upon the largest of which 
inscriptions have been marked. Iron bolts and pipes set in the ground 
have been used. In many cases upon the plains section corners of the 
General Land Office surveys have been located, and in this case the 
section corner serves as the permanent mark. Buildings of various 
sorts also serve this purpose in numerous cases. Less permanent 
marks are marked trees, tripod signals, etc.

Triangulation has been carried on in the following areas m the years 
named:

New England, in the years 1887 to 1890, and in 1892.
New York and Pennsylvania, from 1889 to 1894
Southern Appalachian legion, from 1882 to 1890
Upper peninsula of Michigan, in 1889.
Arkansas, from 1887 to 1891
Texas, from 1884 to 1893.
Kansas, from 1885 to 1887, and m 1889 and 1890.
Montana, m 1883 and 1884, 1886 to 1889, and in 1891
Wyoming, in 1892
Colorado, in 1893 and 1894
New Mexico and Arizona, from 1882 to 1890.
Idaho, from 1889 to 1892
California, from 1882 to 1893.
South Dakota, in 1891 and 1893.
Oregon, in 1894

There has been expended upon This triangulation, including base 
measurement and expansion, and also all salaries and other expenses 
connected therewith, about $400,000, an average per year of $30,000, 
and an average per station located of a trifle over $300. The average 
expense of primary triangulatiou per square mile of area triangulated 
is about 80 cents. This item differs widely, however, m different parts 
of the country, being far greater in heavily timbered, level country, 
where the triangle sides are short and the expenses of clearing and 
signal-building heavy, while in the Bocky Mountains, when the triangle 
sides are long and when there is no clearing necessary, the cost is far 
below the above average.

As the simplest method of characterizing the degree of accuracy of 
this primary triangulation, the following table of average closure 
errors of triangles is presented. It is to be understood that in all 
cases the station adjustments and correction for spherical excess had 
been made prior to footing up these errors of closure. The work in 
Texas prior to 1887 and in other areas prior to 1889 was done with 
vernier theodolites, while the work in those and subsequent years was 
done with micrometer theodolites.



DEGREE OP ACCURACY. 

Closure errors of triangles.
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Yejr

Ceiitr.il Tex.is
1884
1886
Ib87
1K88 - - -
1880 . . .
1800 ....
1891 .. .
1802 . ... , .. .
1893 .....

Western Texas
1892 ... . .

California
1886
1887. ... . .
1889 .. . .... .

Arizona
1883 . . ....

Number of 
triangles

40
50
14
38
54
41
16
15

36

34
9

24

Id

Closure 
errors

8 30
7 77
5 22
8 08
7 08
4 00
4 43
7 S3
8 71

9 85

18 86
13 46
6 9!

12 40

Tea i

J^ow Mexico  
1886 . ...
1880 and 1890 .

Mont.ina
Eail\ years .. ....
1891 ... . .

Kaus.i**
1881 . .
1880 .. . .
18S9
1890 . . .
1890 ...

Arkansas
1887-88
1880
1890 .....
1891 ... .. .. .

Nuniberof 
tri.intrlcs

42
20

48
74

62
'0

71
-40
»02

103
4!
d8
48

Closure 
error-t

0 50
10 00

19 10
J 39

7 05
15 80
j 49
1 73
2 07

8 14
b 00
7 54
9 18

* Spoarville belt t Northern belt

The work in New England, New York, and Pennsylvania has been 
mainly supplementary to the work executed by the United States Coast 
and Geodetic Survey, and that m New York to the work of the United 
States Lake Survey and the New York State survey. In some places it 
has been found necessary to extend tnangulatiou from the existing work 
of these organizations in order to furnish control for areas to be surveyed 
in other localities, and in certain oases the stations in preexisting work 
were too far apart to serve the purposes of the topographer, and it was 
therefore necessary to multiply stations within preexisting triangula- 
tion. The work done in these States by the United States Geological 
Survey is, therefore, not in compact bodies, but consists of a little work 
here and a little there.

The work in the Appalachian Mountain region south of Mason and 
Dixon's line is very extensive, spreading from the Blue liidge west­ 
ward across the valley and over most of the Cumberland Platean. Its 
northern limit is Mason and Dixon's line, and its southern limit is the 
neighborhood of Atlanta, Ga., and Birmingflam, Ala. Tins work rests 
upon stations of the United States Coast and Geodetic Survey along 
the Blue Ridge and the outlying ridges to the eastward, known as its 
Appalachian Belt. Most of the stations of the United States Coast and 
Geodetic Survey on the Blue Ridge from Maryland to Georgia hare 
been occupied by the United States Geological Survey as initial points 
for triaugulation. The wotk in this region has been done throughout 
with 6-inch and 7-ineh vernier theodolites reading to 10 seconds, and 
lias been subjected to least square figure and station adjustments.

A little, triangulation has been done on the upper peninsula of Michi­ 
gan for the purpose of controlling surveys of the Marquette iron distnct. 
Tins triangulation rests upon two stations of the United States Lake 
Survey, near Marquette.

The northwestern quarter of the State of Arkansas has been quite. 
16 GEOL, PT 1  56
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well covered by triangulation This was initiated by a base measured 
in the eastern part of Indian Temtory, near Fort Smith, Ark., the site 
being a tangent of the St. Louis and San Francisco Railroad. The 
base is 2.84 miles in length. It was measured at night with a 300-foot 
steel tape. After expanding, triangulation was carried eastward to 
the neighborhood of Little Rock, opposite which, near Argenta, a sec­ 
ond base, 3.72 miles long, was measured lu a similar manner upon the 
roadbed of the St. Louis, Iron Mountain and Southern Railroad. The 
angles in the triangulation were measured with a 7-inch vernier theod­ 
olite reading to 10 seconds.

From stations in the eastern portion ot this belt, work was extended 
northward across the Arkansas and over the Ozark Plateau to the Mis­ 
souri boundary, thence returning southward near the west boundary 
of the State, and closing upon stations in the western part of the belt. 
Angles in this work were measured with an 8-inch micrometer theod­ 
olite.

The triangulation m Kansas is in three detached belts, each of which 
starts from a line of the transcontinental triangulation of the United 
States Coast and G-eodetic Survey. The southern belt begins with the 
line Fultou-Hutton Mound, some 20 miles east of the Missouri-Kansas 
boundary, and proceeds nearly due west in a narrow belt of triangles 
and quadrilaterals until the Arkansas River is reached at Hutclnnson; 
thence, the general course of the river is followed as far as Lamed, at 
\\ hich point the conditions favored a detour southwestward to Dodge, 
alter which the river was followed to its present terminus, near Hart- 
laud.

The hrst part of this belt was executed in 1885 with a Gainbey 
11-inch vernier theodolite. In 1889 the belt was continued westward as 
far as Spearville with a Fanth 8-mch micrometer theodolite. At Spear - 
villc a base 7.1 miles in length was measured with a 300-foot steel tape, 
with a probable erroi of 0.39 of an inch. The next year work was 
resumed at Speai ville and continued westward to the present terminus 
of the belt, at Hartland.

A second belt of triangulation was executed in 1886, \voik being 
based upon the United States Coast and G-eodetic Survey line, Blue- 
Mouud-Eckman, near Lawrence, Kans. This belt runs northwestward 
and then westward. Angles were measured with the Gambey 11-inch 
theodolite above referred to.

A third belt, lying west of that just described, uses for initial 
positions three stations of the United States Coast and Geodetic Sur­ 
vey, Blind Creek-Frey Wilinau. This belt first proceeds northward 
about 40 miles, and then takes a general westward course to its 
present terminus, near Leland, Kans. It consists of a series of well- 
proportioned quadrilaterals of larger size than the other two belts, the 
inci ease in size being rendered possible by more favorable topographic 
conditions. The instrument used was a Fanth S-iiich micrometer
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theodolite. Angles were read by the method of direction, both singly 
and combined, in such manner as to give check observations OH eacli 
angle which entered into the position. Adjustment by least squares 
was made in the earlier work, when vernier theodolites were employed; 
bi*t in the later work, when better instruments were employed, it was 
considered unnecessary Nearly all tlie signals consisted of tripods 
built of Inmbei. In connection with this triaugulatiou a large number 
of section corners were located, usually by measuring directions and 
distances from the triangulation stations.

Triangulatiou has been carried on in Texas in two localities, namely, 
middle Texas, between longitudes 96° 30' and 101°, and western, or 
traus-Pecos, Texas. The work in the latter section extends from the 
western point of the State as far eastward as longitude 103°, and from 
the Rio Graude to the New Mexican boundary hue, inclosing an area of 
about 15,000 square miles.

The triangulation in middle Texas, covers an area of about 50,000 
sqiuue miles, nearly rectangular m shape. The work in this region 
was commenced in the neighborhood of Austin in the summer of 1884. 
A base-line 0.4 miles m length was measured with four-meter bars, and 
was connected with the astronomical determination of the United 
States Coast and Geodetic Survey at Austin. Work was carried on 
continuously until 1881), «n ering the area closely. In the latter year a 
verification base was measured near Albany, in the northern part of 
the State This Albany base is about 9 miles in length, and was meas 
uied twice with a 300-foot steel tape under a tension of 20 pounds. 
The instruments used in the triangulation were 8 inch theodolites with 
veimers reading to 10 seconds, up to and including 1886, and during 
the remainder ot the work an 11-inch theodolite leading by microscopes 
to single seconds was employed. The work done with the first named 
instruments was adjusted by least squares; that subsequently done 
was not subjected to this adjustment. The signals were mainly tripods 
made from sawed lumber, with an interior scaffold for the support of 
the instrument whenever it was necessary to raise it from the ground.

In trans-Pecos Texas tnaugulation was commenced in the spring of 
1890 A base-line was measured on the roadbed of the Texas and 
Pacific Railway, and an astronomic determination of position was made 
at Sierra Blmica. lu this region the triangnlation stations were usually 
the summits of sharp and well-defined mountain peaks, which were 
marked by piles of stones that served as signals.

Triangulation in the Black Hills of South Dakota originated in a 
base line in the valley of Box Elder Creek, about 4 miles northeast of 
Rapid. This base is nearly 5 miles in length and was measured with a 
300-ioot steel tape under a uniform tension of 20 pounds. The prob­ 
able erroi of the measurement is 0.84 of an inch. The initial astro­ 
nomic point is a pier in the county court-house at Rapid, the position (if 
which was determined m 1890. The instrument used in the tnangnla-
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tioii was an 8-iucrli theodolite reading by microscopes to 2 seconds. 
The signals consisted of tripods of lumber with a signal pole in the 
center, under winch the instrument was placed.

A little triaugulation has been done in the Elk Mountains of Colo­ 
rado for the control of a small area about Aspen. Tins work rests upon 
a base-line 1 mile in length measured along one of the streets of Aspen, 
and for astronomical position the work was connected with a station of 
the United States Coast and Geodetic Survey on Treasury Monutaiu. 
Angles were measured with an 8-iuch vernier theodolite.

Triangulation in southern Wyoming rests upon a base-hue about 
2.5 miles in length measured along the roadbed of the Union Pacific 
Railroad just north of the town of Laramie. The initial position is an 
astronomical station in Laramie determined in 1872 by the Wheeler 
Survey. The instrument used in this triangulation was an 8-inch 
micrometer theodolite.

Triaugulation in Montana covers an area of about 50,000 square miles. 
A base hue locatedjust west of the town of Bozemau, which was meas­ 
ured by officers of the Wheeler Survey in 1877 with a steel tape, was 
remeasured m 1883 by the United States Geological Survey with a 
secondary base apparatus. It was expanded and the work earned 
southward, to include the area of the Yellowstoue National Park, during 
1883 and 1884. In subsequent years the work was carried eastward, 
northward, and westward over much of centra and western Montana. 
The angles were measured with an 8-inch vei nier theodolite. In 1889 
the triaugulatiou was extended eastward down the valley of -the 
Yellowstone to the neighborhood of Fort Glister, using an 8-inch 
micrometer theodolite.

Triangulation in Idaho covers an area of about 15,000 square miles, 
forming a parallelogram about 100 miles m breadth by 150 in length, 
extending from the longitude of Hailey on the east to the western 
boundary of the State. Work was begun in the summer of 1889 and 
continued until 1802, inclusive. It rests upon a base-line 1.75 miles m 
length measured near Boise with a 100-foot steel tape, and the result­ 
ing probable error of different measurements was 0.19 of a, foot. The 
initial astronomic position is in the city of Boise. The instruments 
used in tins triangulation were at first a 7-mcli vernier theodolite, and 
during the seasons of lb>91 and 1892 a 10-inch micrometer theodolite. 
The work doue with the vernier theodolites was adjusted by least 
squares; that executed with the 10-inch theodolite was not subjected to 
this adjustment.

Triaugulatiou m California, Nevada, and Oregon is in three distinct 
parts, which may be distinguished as the Cascade section, m northern 
California and southern Oregon; the Gold Belt .section, including the 
Sierras m the latitude of lied Bluff, the Yosemite "Valley, find from the 
Sacramento Valley eastward into Nevada; and the southern California 
section.
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The work iii the first section was begun in 1882 and continued until 
3887. All distances, azimuths, and positions depend on the hue Lassen- 
Shasta, as determined from unclosed triangles of the United States 
Coast and Geodetic Survey. The instrument used in this portion of the 
work was an 8-inch 10-second vernier theodolite. Natural points mainly 
were sighted, since sharp peaks were generally used. The work was 
adjusted by least squares.

In the Sierra Nevada, woik was commenced in 1885. This work rests 
upon the line Marysville Butte-Puie Hill of the United States Coast 
and Geodetic Survey. Other lines determined by the same organiza­ 
tion were used as check hues. During the first year the augles were 
measured with a 7-mch vernier theodolite. Subsequently work was 
done with similar instruments having an 8-iuch circle. Upon most of 
the stations on this work signals were built, and in many cases these 
were very high and difficult to construct.

Triangnlatiou in southern California was beguu in 1891, and covers 
an area of about 5,000 square miles. The line Southeast Base-San 
Juan, as determined by the United States Coast and Geodetic Survey, 
serves as a base-line for this work. The instrument used was au 8-inch 
micrometer theodolite.

The tnaugulatioii in the plateau region of northern New Mexico aud 
Arizona and parts of adjacent States depends on a base measured at 
Fort Wingale, N. Mex. This was measured in 1881 with four-meter 
bars, and was expanded and triangulation depending upon it was 
carried forward until 1890. The initial position, which is Fort Wingate, 
was located in 1883. The instrument used in the triangulatiou was a 10- 
inch vernier theodolite, prior to 1890, in which year an 8-inch microm­ 
eter theodolite was used. Many of the signals of this triaugulation 
were natural poiuts, consisting of high, sharp peaks. In other cases 
cairns of stone or trees were used. This triangulation, being carried 
on in a region of high mountains, consists of very large figures, lines 
of 100 miles in length being not uncommon. The area covered by this 
triangulation is approximately 94,000 square miles.
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